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Traditional stock assessments require, in part, accurate knowledge of growth relationships to
estimate a variety of aspects involved in population conservation management of exploited
species. In addition, the local distribution and condition of top pelagic predators is driven by
detection of abundant forage aggregations and along with traditional stock assessments, should
be considered for effective management of marine populations. Empirical analyses of these
data are severely lacking for bigeye (Thunnus obesus) and yellowfin (Thunnus albacares) tuna in
the Atlantic Ocean, especially for the former. Given historical studies’ observations of these two
top predators use as biological samplers due to their wide-ranging habitats throughout the
world’s oceans, analyses of forage and trophic dynamics may provide vital and cost-effective
information to be used in pelagic ecosystem-based management and health indication. With
the objectives of determining and updating growth relationships and assessing spatio-temporal
variability and other factors influencing forage and trophic dynamics in the northwest Atlantic
Ocean, liver, muscle, otolith, and stomach tissues were collected from 318 bigeye and 797

yellowfin tuna captured in commercial longline and recreational rod and reel fisheries from
2018-2020. Through the use of annual otolith ageing, stomach content identification, and
stable isotope analysis methods this study aims to provide a comprehensive examination of
vital aspects necessary for improved management of bigeye and yellowfin tuna in the
northwest Atlantic and to contribute to their conservation in the Atlantic Ocean as a whole.
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CHAPTER 1
AN INTRODUCTION TO BIGEYE (THUNNUS OBESUS) AND YELLOWFIN (THUNNUS ALBACARES)
TUNA LIFE HISTORY, ECOLOGY, ANTHROPOGENIC IMPORTANCE, AND STOCK STATUS
Bigeye (Thunnus obesus) and yellowfin (Thunnus albacares) tuna are fast-growing pelagic
predators, distributed in tropical and subtropical regions of the Atlantic, Indian, and Pacific
Oceans (Collete and Naunen 1983, Muhling et al. 2017). Populations are commonly targeted in
recreational and commercial fisheries worldwide including pelagic baitboats, longlines, purse
seines, and rod and reel fleets. Tunas represent a globally important resource, which was worth
an estimated 40 billion dollars in end-chain commercial value during 2018, with canneries
constituting more than 75% of this end-chain value (PEW 2020). Bigeye and yellowfin tuna rank
2nd and 3rd in global market share by tuna species behind skipjack tuna (Katsuwonus pelamis)
and represent approximately 30% and 8% of global landings respectively (ISSF 2019). Longlines
target tunas at the surface or at depth near seamounts, shelf slopes, and in the open ocean.
Purse seine fisheries target free schools and fish aggregated near floating objects, both manmade and natural, called fish aggregating devices (FADs). Commercial landings of bigeye and
yellowfin tuna in the three oceans they inhabit differ significantly, with the Pacific accounting
for twice the landings of the Indian and three times that of the Atlantic (ISSF 2019).
Recreational and artisanal fisheries for bigeye and yellowfin tuna also support coastal
communities throughout the Atlantic, Indian, and Pacific oceans. These fisheries increase
demand for valuable goods and services such as gear and vessel sales, support charter
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businesses and tourism, and provide a low cost, high protein source of food for hundreds of
millions of people worldwide.
Both bigeye and yellowfin tuna can exceed lengths of 200 cm, weigh over 200 kg, with longevity
>17 years (Lang et al. 2017, Andrews et al. 2019, Collete and Nauen 1983). Defined as highly
migratory species they often make trans-oceanic movements and are widely distributed in each
ocean basin they inhabit (Ortiz 2001, Shaefer et al. 2010). Bigeye and yellowfin tuna are
commonly found in sea surface temperatures (SST) between 13-28°C and 18-31°C respectively
(Collete and Nauen, 1983; Block et al., 1997; Hoolihan et al., 2014). Maury et al. (2001) linked
low salinity (<35‰) and SST above 26°C to increased purse seine and longline catch per unit
effort (CPUE) of juvenile yellowfin tuna and more variable SST and salinity to increased adult
CPUE in the Atlantic. Throughout the year transatlantic movements of reproductive adults
occur to reach areas of optimal salinity whereas SST influenced juvenile movements (Maury et
al., 2001). Population migrations in the Atlantic are primarily driven by seasonal warm water
oscillations as large aggregations of yellowfin tuna occur off the coast of West Africa during the
first two quarters of the year but then decline in the third quarter with decreases in SST (Maury
et al. 2001, Lan et al. 2011). CPUEs of yellowfin tuna in longline fisheries have also been
observed to correspond to optimal temperatures rather than depth preferences alone. From
2003-2005 equatorial Taiwanese longline average monthly yellowfin tuna landings were six
times higher for deep longline sets compared to shallow sets which was linked to warmer
subsurface temperatures at 105 meters and wind driven cooling of surface waters <50 meters
(Lan et al. 2011). Bigeye tuna have been observed to make similar north-south movements
within the Atlantic in relation to seasonal warm water oscillations (Lam, Guluardi and
2

Lutcavage, 2014) and have population concentrations that occur in higher latitudes than
yellowfin tuna (Hsu et al. 2015). Shaefer et al. (2015) recaptured 10,029 conventional dart and
74 archival tags from bigeye tuna in the Western and equatorial Eastern Pacific Ocean and
discovered steady eastern movement from December to May, some western site fidelity, and
constrained latitudinal movement along the equator, with mixing of individuals most related to
areas closest to one another.
Vertical distributions based on electronic tagging data suggest both species occupy the
epipelagic zone above the thermocline but do descend to deeper depths (>200 m) to forage on
prey populations associated with the deep scattering layer (DSL) and the mesopelagic zone (Brill
2005). Vertical descent behavior as a result of predator avoidance has also been theorized
(Matsumoto et al. 2013; Shaefer and Fuller, 2010). Satellite archival tags have recorded bigeye
tuna in temperatures as low as 2.7°C and yellowfin tuna in 5.4°C (Lam, Gualardi and Luctavage,
2014; Shaefer and Fuller, 2010; Shaefer, Fuller, and Aldana 2010). High metabolisms and a
vascular structure with an efficient countercurrent heat exchange mechanism allows these
tunas to maintain internal core temperatures higher than their environment (Graham and
Dickson 2004). Archival satellite tags have recorded maximum dive depths of 1902 meters for
bigeye tuna and 1602 meters for yellowfin tuna (Shaefer and Fuller, 2010; Shaefer, Fuller, and
Aldana, 2014). Mean maximum dives among individuals in different studies of yellowfin tuna
ranged from 50-300 meters (Block et al. 1997) whereas bigeye tuna occupy depths of 100-600
meters (Matsumoto et al. 2013). Bigeye tuna vertical behavior has been classified into several
different types owing to association with fish aggregation devices (FADs) and random versus
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routine descent patterns at varying classifications of depths for each of these behavior types
(Matsumoto et al. 2013, Shaefer and Fuller 2010).
Differences in vertical habitat utilization between bigeye and yellowfin tuna correspond to
evolutionary adaptations. In bigeye tuna for example, this includes vascularized liver tissue, a
retinal tapetum, and a thicker body morphology (Brill et al., 2005; Somiya, Takei, and Mitani,
2012; Matsumoto et al. 2013). These features allow bigeye tuna to forage on prey items at
deeper depths than yellowfin tuna, but vertical behavior at depth for both species likely occur
with some duration in oxygen minimum zones allowing these species to exploit habitats which
other epipelagic species cannot access. Scombrids are efficient oxygen extractors (over 50%)
compared to other fishes (25-33%) due to their high gill surface area and hemoglobin-oxygen
binding affinities (Graham and Dickson, 2004). Minimum oxygen concentrations required for
bigeye and yellowfin tuna are 1.0 and 3.1 ml O2 L-1 respectively. Both species have high
hematocrit and HB-O2 affinities with bigeye tuna affinities greater than that of yellowfin tuna
(Graham and Dickson 2004). Variability within vertical habitat of both species correspond to
influences of spatial and temporal variability of mixed layer depths, thermoclines, oxyclines,
and the presence of FADs (Duffy et al., 2017; Matsumoto et al., 2013; Weng et al. 2015; Lam,
Gualardi and Luctavage, 2014), although yellowfin tuna vertical behavior is more related to rate
of change of thermoclines than bigeye tuna (Brill 2005).
In a multivariate analysis of environmental variables affecting CPUE indices Hsu et al. (2015)
found that predicted tuna abundance was higher in cyclonic eddies than anticyclonic eddies but
that overall SST was a larger indicator than either eddy presence. Along with reproductive
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abiotic requirements, local forage aggregations influence the distribution and abundance of
tuna schools in proximity to the optimal abiotic characteristics of each species (Maury et al.
2001). Meandering eddies may also concentrate prey items and affect local tuna distribution.
At ocean basin scales productive areas such as upwelling regions in the Gulf of Guinea and the
Eastern Pacific Ocean provide abundant schools of prey for both species year-round.
During the reproductive period, members of the genus Thunnus spawn almost daily and are
highly fecund. Bigeye and yellowfin tuna batch fecundities range from approximately 2-5
million eggs (Sun et al. 2013, Itano et al. 2001). Age at maturity for both species is estimated at
approximately 2 years (Farley et al. 2006, Roy 2017). The estimated size at maturity for
yellowfin tuna through histological analyses varies according to geographic location and depth
of capture. In the western Pacific Ocean length at 50% maturity (LF50) for females ranged from
98-112 cm (Itano et al. 2001), similar to female bigeye tuna in the same region (LF50=102 cm)
(Sun et al. 2013, Farley et al. 2006). LF50 values for western and central Indian Ocean female
yellowfin sampled with purse seine and longline gear were 78 and 114 cm respectively (Zudaire
et al. 2010, Guoping et al. 2011). Spawning occurs when water temperature exceeds 22-24ᵒC
(Schaefer 2001, Moore 2018, Muhling et al. 2017). Despite the lack of data concerning
reproduction for Atlantic bigeye tuna the primary spawning ground for both species in the
Atlantic is the Gulf of Guinea where spawning active yellowfin tuna females and males occurred
from December to January (Diaha et al. 2015). The Eastern Caribbean also supports spawning
yellowfin tuna from July-September (Arocha 2001). Spawning yellowfin tuna and larvae from
both bigeye and yellowfin tuna have been found in the Gulf of Mexico in June and July (Cornic
et al. 2018). Strong associations with warm core eddies created by river output and Loop
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Current interactions were related to larval occurrence. In a similar fashion Thunnus species
strategically migrate in response to seasonal changes in prey availability and to areas that
encompass optimal abiotic and oceanographic conditions necessary for successful larval
dispersal and survival (Muhling et al. 2017).
Within the Atlantic, landings for both species are concentrated in tropical regions including the
Gulf of Guinea and Brazilian shelf. A smaller proportion of landings occur in the Bay of Biscay,
Gulf of Mexico, and the continental shelf along the U.S. and Canadian coastlines (ICCAT 2019).
Bigeye and yellowfin tuna are managed as single stocks in the Atlantic by the International
Commission for the Conservation of Atlantic Tunas (ICCAT). However, genetic analyses of
microsatellites and single nucleotide polymorphisms (SNPs) have revealed multiple clades of
both species and populations making use of specific spawning grounds (Pecararo et al. 2018,
Martinez et al. 2006). Due to increased demand from Japanese, United States, and European
sushi and sashimi markets over the last half century (Fernandez-Polanco, Llorente 2016), tuna
fisheries have only recently become heavily exploited with peak landings for Atlantic bigeye and
yellowfin tuna both occurring in 1994 at 134,936 and 173,739 mt respectively (ICCAT 2018,
2019). Globally, bigeye and yellowfin tuna landings have decreased by 16.9% and 2.1% over the
first decade of this century (Fernandez-Polanco, Llorente 2016) and adult biomass estimates
have been halved since the beginning of their exploitation (Juan-Jordá 2011). The most recent
stock assessment for bigeye tuna reports that the stock is overfished and overfishing is not
occurring (ICCAT 2021) while the yellowfin tuna stock is unlikely (59% probability) to be
overfished or experiencing overfishing (ICCAT 2019). Declines of bigeye tuna abundance in the
Atlantic have been attributed to landings in the FAD-associated skipjack purse seine fishery.
6

Juvenile fish constitute most of these bigeye landings which has caused concerns surrounding
declines in recruitment biomass and changes to maximum sustainable yield (ICCAT 2018).
Moreover, manmade FADs increased fourfold from 2007-2013 (Maufoy et al. 2016) and have
been shown to influence residency and movement of both species (Ohta and Kakuma, 2005),
especially small tunas (Dragorn et al. 2012). The issue of this association and its potential to
influence tuna movement into less productive waters has remained undetermined, with
inconsistent results among studies (Dragorn 2014).
Erauskin-Extramian et al. (2019) predicted that the seven most exploited tuna species will
experience range expansions in the next century, moving poleward in both hemispheres, by 6.5
km in the north and 5.5 km in the south per decade. Increasing sea surface temperatures (SST)
in the tropics is expected to drive bigeye tuna distribution poleward, whereas yellowfin tuna
will become more abundant in tropical and coastal regions within exclusive economic zones
(EEZs). Increased SST and vertical stratification prevent mixing of nutrients that are vital for
nanophytoplankton growth and leads to picophytoplankton food web bases which could
decrease energy transfer efficiency to higher trophic level predators (Polovina et al. 2008).
During summer months oceanographic conditions at Northeast US shelf and shelf slope regions
become habitable for bigeye and yellowfin tuna. Both species move into continental shelf and
shelf-slope regions in the Mid Atlantic Bight and Southern New England regions where
temperatures are within physiological thresholds. Nutrient rich waters resulting from upwelling
caused by wind driven coastal Ekman pumping, anticyclonic mesoscale eddies, the Gulf Stream
current, and coastal cold pool waters along steep bathymetry provide productive conditions
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that supply energy to a diverse array of coastal and oceanic forage assemblages (Levin et al.
2018). Commercial longline and recreational rod and reel fishing effort is present along the
Mid-Atlantic Bight and southern New England from May to December while temperatures and
forage resources remain suitable and abundant, respectively for these two tuna species.
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CHAPTER 2
AGE LENGTH RELATIONSHIPS OF BIGEYE (THUNNUS OBESUS) AND YELLOWFIN (THUNNUS
ALBACARES) TUNA CAUGHT IN PELAGIC LONGLINE AND RECREATIONAL ROD AND REEL
FISHERIES IN THE NORTHWEST ATLANTIC OCEAN
2.1 Introduction
Growth models derived from length at age data for exploited marine species are essential for
estimating key stock assessment inputs such as productivity, maturity, and natural mortality
(ICCAT 2021; Maunder and Piner, 2015; Then et al., 2015). If these inputs are characterized
accurately over the spatial and temporal scales that the species inhabits stock assessments are
improved and effective conservation management may be attained. The highly migratory
nature of tuna species present challenges in assessing variability of maximum size and growth
rates across ocean basin and regional scales. Genetic evidence supports the existence of
multiple stocks of bigeye and yellowfin tuna with variable growth among regions within ocean
basins (Farley et al., 2006; Farley et al., 2021), necessitating basin-scale and regional level
growth relations.
Historical studies on age and growth of tunas use macro and micro-increments in hard
structures such as vertebrae, scales, dorsal spines, and otoliths as well as length frequency
analyses. Modal length frequency analyses are attractive due to the abundance of data
available and lack of time-consuming calcified tissue processing but are confounded by overlaps
in size classes for larger older cohorts (Murua et al., 2017). Calcified tissues are assumed to be
deposited with cyclical variations in forage abundance and temperature exposure (Murua et al.,
9

2017). Biologically active tissues such as vertebrae and dorsal spines may lead to under
estimation of annual age due to reabsorption (Lessa and Duarte-Neto 2004) and despite back
calculations to account for reabsorbed increments growth models derived from this method
have resulted in larger asymptotic lengths, smaller growth rates, and lower maximum ages
(Murua et al. 2017). Age determination using mark recapture studies provides direct measures
of length over the duration that individuals are at large (Hallier et al., 2005; Allman et al., 2020)
but requires large sample sizes and effort to ensure enough individuals are recaptured as well
as accurate length measurements. While many studies confirm the advantages of using
calcified structures to assess age in large, long-lived species (Chang and Maunder, 2012), their
use must be standardized and validated through oxytetracycline and strontium chloride in
mark-recapture studies or bomb radio-carbon concentrations measured in otoliths to validate
daily and seasonal deposition of annuli (Leroy 2001; Shaefer and Fuller 2006; Andrews et al.
2020). Micro-increments in otoliths have been used to represent daily ages and are reliable up
to the formation of the first annulus but use beyond age 1 has resulted in under aging of tunas
(Williams et al., 2013). Whole otolith weights have also been used to predict decimal ages
based on terminal otolith edge types, with greater than 90% of age variation explained by
otolith weights (Pacicco et al., 2021). Parameters surrounding growth of yellowfin tuna and
especially bigeye tuna are considerably lacking within the Atlantic compared to other ocean
basins. Of those conducted, most do not make use of annual increments in otoliths (Murua et
al., 2017) which is considered a more reliable method and has been used with greater
consistency in the last decade for other Atlantic tuna species (Shuford et al., 2007; Lang et al,
2013; Pacicco et al., 2021; Secor et al. 2014; Siskey et al., 2016).
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Considering the lack of information regarding the age and growth of bigeye and yellowfin tuna
and the recommendation of the ICCAT Standing Committee for Research and Statistics (SCRS)
for continued aging of hard parts for both species (ICCAT 2021), our objectives were to (1)
determine age/length relationships from sagittal otoliths for both tunas in our study region, (2)
investigate preliminary sex-specific growth, and (3) characterize age composition of individuals
between the two gear types used in sampling to check for age bias related to fishery selectivity.
2.2 Methods
2.2.1 Sample Collection
Sagittal otoliths were extracted from a total of 256 bigeye and 699 yellowfin tuna landed in
commercial pelagic longline and recreational rod and reel fisheries from June to November of
2018-2020. Tunas were caught in the Gulf Stream current, the continental shelf, and slope
canyons from Cape Hatteras to the international maritime border of Canada and the United
States (Figure 1). Rod and reel sampling events included 5 tournaments and repeated sampling
of landings from a single charter vessel located in New Jersey. Straight fork length (SFL) and
curved fork length (CFL) were measured to the nearest mm from tunas sampled at recreational
ports and on longline vessels, respectively. In some cases, samples were obtained from
recreational charter boats where SFL was not measured. Snout length (SL), the shortest
distance from the tip of the upper jaw to the most anterior part of the eye, was recorded and
CFL was calculated using linear regressions from fish that had both SL and CFL measured. These
regression equations, their correlation coefficients and R2 values are located in the appendix
(Figures A.1 and A.2). CFLs, both measured and calculated, were then converted to SFL using
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equations developed by Farley et al. (2006) and Estess et al. (2017) for bigeye and yellowfin
tuna, respectively. Sex was also recorded if available through morphological examination of the
gonads, but given sexual differentiation, only used in older individuals. After extraction, sagittal
otoliths were rinsed with water, dried, and stored in vials.
2.2.2 Otolith Processing
Otolith processing and age estimation was based off methods developed by Busawon et al.
(2015), modified by Rodrigues-Marin (2019) for Atlantic bluefin tuna (Thunnus thynnus). If any
remaining matrix material was present after storage, otoliths were cleaned with a 1.2-quart
Gemoro ultrasonic jewelry cleaner. All sagittal otoliths (left and right) from the total number
sampled that were extracted completely whole were weighed and imaged. When both sagittal
otoliths were sampled, one was randomly selected for age processing. Otoliths from a subset of
240 bigeye and 178 yellowfin tuna were embedded using Epothin 2 epoxy hardener and resin at
a 17:40 ratio, respectively in preparation for sectioning and ageing. Transverse sections were
cut using an Isomet 1000 low speed saw with diamond edged Buehler blades. Two transverse
sections, 0.8 mm in width, were cut as close as possible to the origin which included a rostral
‘V-section’ (section-1) which included the origin and an antirostral ‘Y-section’ (section-2) just
outside the origin.
Sections were mounted to glass slides using QuickStick Mounting Wax. After mounting, sections
were polished using 600, 320, and 180 grit sandpaper to remove abrasive marks from the
diamond blades during the sectioning process. A final polish with a felt pad containing a light
coating of water mixed with MicroPolish 2 Alumina powder buffed out the remaining marks
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and provided better optics for viewing the opaque and translucent bands. Otolith sections were
imaged using a compound microscope under transmitted light and contrast and brightness
were adjusted for each section in Adobe Photoshop. A 1mm scale bar was created and placed
at the first inflection point on the ventral arm of each bigeye tuna section image to provide the
reader with guidance on the approximate location of first annulus formation based on mean
distances in Farley et al. (2006). A ‘yardstick’ developed by Lang et al. (2017) was placed
beginning at each primordium for yellowfin tuna sections as an approximate measure of the
distance to the first formation of annulus also as a guide for the reader to locate the
approximate location of the first annulus along the ventral arm.
2.2.3 Section Reading
Annual ages were assigned to individuals based on the number of fully formed opaque zones
(Figure 2.1). An observed readability scale from 1 to 5 was assigned to each section where 1
was considered unreadable and 5 was excellent with distinct observations of opaque zones
clearly separated by translucent banding. All sections were read twice independently with no a
priori knowledge of tuna size or first annulus counts. Average section readability scores <2.5
after both reads were not included in error calculations and final ages given the uncertainty in
final age estimates. Sections that were assigned ages that differed between reading one and
two were read a third time and assigned a final age based on that reading. The third reading,
following protocols of Farley et al. (2006), Busawon et al. (2015), and Pacicco et al. (2021),
included prior knowledge of reads one and two. The final section (if both 1 and 2 remained)
chosen to represent age was based on readability and proximity to the origin in cases of poor
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sectioning precision. Determining the location of the first three annuli can be difficult for these
two tropical tuna species and is often useful information for readers new to the reading process
and for corroboration between studies. Therefore, measurements from the primordium to the
beginning of the first three opaque zones were made on the inner margin of the ventral arm for
otolith sections with average readability >3 to reduce error of measurements made on blurry
and indistinct opaque zones of sections that had readability scores between 2.5 and 3.

Figure 2.1 Examples of sections 1 and 2 (left and right) of a 165 cm male bigeye aged 12 (left) and 162
cm male yellowfin aged 10 (right) both with average readability scores of 5. Section images are
annotated with blue dots indicating each opaque zone. Yardsticks placed on yellowfin otolith sections
were developed by Lang et al. (2013).

2.2.4 Statistical Analyses
Differences in means of SFL between tunas and capture gear were tested for significance using
Welch’s two sample t-tests for individuals used in final ages. Age classes with large sample sizes
were also tested for differences in SFL between gears and sex for each species. The average
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percent error (APE, eq. 1) was used to obtain precision estimates between each reading of both
sections and species with results >10% considered imprecise (Beamish and
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Fournier, 1981), where N is the number of individuals aged, R is the number of reads for each
individual tuna, Xij is ith age reading of the jth individual, and Xj is the average age between
readings for the jth individual. Tests of symmetry (eq. 2) following Bowker (1948) and Hoenig,
Morgan, and Brown (1995) were used to determine symmetry of ambiguous age pairs between
each reading, for each section and species, where 𝑛𝑖𝑗 is the observed frequency in the ith row
and jth column and 𝑛𝑗𝑖 is the observed frequency in the jth row and ith column
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of an 𝑚 x 𝑚 contingency matrix of observed ages between the two reads. Chi-square tests of
independence were used to detect significant differences in age classes between gears for both
species. Due to the common use among historical tropical tuna studies (Lang et al 2017, Farley
et al. 2006, Driggers et al. 1999, Shuford et al 2007), Von Bertalanffy (1938) (eq. 3) and Richards
(1959) growth models (eq. 4) were fitted to annual age estimations for both species to calculate
mean length at age using the ‘FSA’ and ‘nlstools’ packages in R. 𝐿∞ is the asymptotic length or
length when growth is 0, k is the coefficient of growth, t is annual age, t0 is the theoretical age
when length is equal to zero, and a and b are dimensionless parameters that control the
horizontal and vertical inflection point positions.
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Despite the use of multi-stanza and two-stage Von Bertalanffy growth models proposed by
Fontenaeu and Chassot (2013) and Farley et al. (2021), respectively, commonly used Von
Bertalanffy and Richards growth models were more appropriate in this study as individuals <60
cm were not sampled. Residual plots were used to verify assumptions of normality and
homoscedasticity. Growth models between tuna species were compared using log-likelihood
ratio tests (Kimura 1980) using the ‘fishmethods’ package in R.
2.3 Results
2.3.1 Otolith Weights, Reading Error, and Length Compositions
Whole sagittal otoliths weights from 179 bigeye and 384 yellowfin tuna ranged from 18.7-123.4
and 23.4-184.9 milligrams respectively and increased exponentially with increasing SFL (Figure
2.2). R2 values were 0.83 and 0.89 for yellowfin and bigeye tuna respectively.
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Figure 2.2 Whole sagittal otolith weights from bigeye (black) and yellowfin (grey) tuna. Equations of the
lines are y=9.82 e0.015x for bigeye tuna and y=8.39e0.015x for yellowfin tuna.

Average readability scores of 3 occurred with the greatest frequency (BET:43.2% and
YFT:44.4%) and scores >4 were rare for both sections of both species (BET: 3.15% and YFT:
0.29%). For sections 1 and 2 average readability scores <2.5 were observed in 16 and 26 bigeye
and 10 and 52 yellowfin tuna, respectively. Both sections of an individual with readability scores
of <2.5 were rarely observed and following the criteria for acceptable readability 229 bigeye
and 169 yellowfin tuna remained. For the remaining individuals, means of SFL were significantly
different between species (t=8.72, p< 0.001, Figure 2.3) and between gears for yellowfin tuna
(t=7.89, p<0.001), but not for bigeye tuna (t=1.25, p=0.215). Smaller yellowfin tuna (x̅ =87.7 cm,
SD=±14.5) were sampled from rod and reel gears whereas longline captured yellowfin tuna
were larger (x̅ =110.8 cm, SD=±16.9). Ratios of females to males were 0.88:1 and 1.02:1
respectively from 76.4% of bigeye tuna and 66.8% of yellowfin tuna whose sex was determined
(Figure 2.4).
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Figure 2.3 Length frequency histogram of bigeye (darkest grey) and yellowfin (lightest grey) tuna used in
final otolith age estimates. Red dashed lines indicate means for each species (BET= 122.2 cm and
YFT=106.4 cm).

Figure 2.4 Length frequency histograms of bigeye (left) and yellowfin (right) tuna by sex used in final age
readings (black=male, grey=female, and white=unknown).
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Average percent error calculations indicated high precision between reads for both otolith
sections from bigeye (1= 5.86%, 2= 5.19%) and yellowfin (1=6.41%, 2=5.26%) tuna. Results were
significant for tests of symmetry from readings of both bigeye tuna sections (1: X2=25, df=8,
p=0.002, 2: X2=24.9, df=9, p=0.003) and section 1 from yellowfin (X2=24.7, df=9, p=0.003) tuna.
In section 1 otoliths of both species deviations from age agreement occurred for individuals 2-4
years old, whereas ages 4 and 5 were largely responsible for disagreement between reads in
section 2 of bigeye tuna. Section 2 yellowfin tuna age pairs were non-significant (X2=15.4,
df=10, p=0.119) indicating symmetry of error between the two reads. Distance from the origin
to the formation of the first 3 opaque zones of bigeye tuna sections 1 were 0.92 mm (SD=0.09),
1.35 mm (SD=0.11), and 1.62 mm (SD=0.11), whereas distances were 0.99 mm (SD=0.08), 1.45
mm (SD=0.11), and 1.76 mm (SD=0.12) for section 2. For yellowfin tuna sections 1 distances
were 0.89 mm (SD=0.09), 1.27 mm (SD=0.12), and 1.47 mm (SD=0.14), while distances in
sections 2 were 0.929 mm (SD=0.09), 1.34 mm (SD=0.09), and 1.65 mm (SD=0.12).
2.3.2 Age Length Relationships and Composition Between Gears and Sex
Ages ranged from 1-17 and 1-15 for bigeye and yellowfin tuna, respectively. Mean ages of
individuals caught in longline fisheries were 3.63 and 2.79 years for bigeye and yellowfin tuna
respectively, whereas 3.26 and 1.63 were the mean ages of bigeye and yellowfin tuna caught in
rod and reel fisheries. Ages 3 and 4 were the most abundant estimated for bigeye tuna,
representing 63.8% of individuals, while 2 and 3-year-old yellowfin tuna represented 70.4% of
all individuals aged. No differences in mean SFL were observed between sexes of bigeye tuna in
age-classes 3 (t=-0.341, p=0.734, x̅ M=118.9, x̅ F=118.0) and 4 (t=0.786, p=0.436, x̅ M=127.0, x̅
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F=128.7) and yellowfin tuna in age classes 2 (t=-0.712, p=0.48, x̅ M=107.4, x̅ F=109.0) and 3 (t=0.570, p=0.573, x̅ M=115.5, x̅ F=113.6). Mean SFL of bigeye tuna between gear were not
significantly different in age class 3 (t=-1.671, p=0.103, x̅ RR=121.0, x̅ LL=117.5) and 4 (t=0.017,
p=0.987, x̅ RR=127.6, x̅ LL=127.6) and in yellowfin tuna age 1 (t=1.590, p=0.125, x̅ RR=76.1, x̅
LL=82.7) but means were significantly different for bigeye tuna (t=-2.54, p=0.021, RR x̅=114.8, x̅
LL=102.9) and yellowfin tuna (t=3.888, p=0.001, x̅ RR=96.6, x̅ LL=107.8) both aged 2.
Residuals were normally distributed, and homoscedasticity was observed in the most heavily
sampled age classes for each fitted growth model. Estimated parameters for fitted Richards
models were Lꝏ = 184.2, K= 0.121, a= 0.948, and b= 0.407 for bigeye tuna, whereas parameters
estimated from fitted Von Bertalanffy models were Lꝏ = 173.1, K= 0.231, and t0=-2.413 for
bigeye tuna and Lꝏ = 152.5, K=0.338, and t0=-1.311 for yellowfin tuna (Figure 2.5). Richards
model fits for yellowfin resulted in non-convergence. Likelihood ratio tests indicated significant
differences in Von Bertalanffy growth models between species (X2=10.7, df=3, p=0.016).
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Figure 2.5 Von Bertalanffy (red) and Richards (black) fitted growth models of bigeye (top) and yellowfin
(bottom) tuna.
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Figure 2.6 Proportion of ages for bigeye (left) and yellowfin (right) tuna captured in longline (white) and
rod and reel (black) fisheries.

Age frequencies did not differ between gear types for bigeye tuna (X2(9, 229) =12.14, p=0.206) but
yellowfin tuna aged 1-3 were significantly more abundant in rod and reel fisheries compared to
longline (X2(9, 169) =27.51, p=0.0012, Figure 2.6). R2 values were 0.722 and 0.808 for linear
regressions of age and otolith weight of bigeye and yellowfin tuna, respectively (Figure 2.7).

Figure 2.7 Linear regressions of age and otolith weight for bigeye (black) and yellowfin (grey) tuna.
Regression equations of the lines were Age = 0.075(Otolith weight) - 1.275 and Age = 0.0981(Otolith
weight) - 1.747 for bigeye and yellowfin tuna respectively.
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2.4 Discussion
Lꝏ and k values of bigeye and yellowfin tuna were similar to studies sampled more intensively
in the south-west Pacific (von Bertalanffy: Lꝏ =169.1, k =0.238) and eastern Indian (von
Bertalanffy: Lꝏ =178.4, k =0.176) oceans for bigeye tuna (Farley et al., 2006) and yellowfin tuna
in the northern Gulf of Mexico and the northwest Atlantic (von Bertalanffy: Lꝏ =158.9, k =0.36,
Pacicco et al. 2021).Conversely, bigeye tuna growth parameters fit to integrated tagging and
otolith data from Hallier et al. (2005) were not similar (von Bertalanffy: Lꝏ =217.3, k =0.18) to
the parameters fit in this study. Estimation of the anchoring parameter (t0) deviated
significantly from 0 indicating poor fit of Von Bertalanffy growth models for small/young tunas.
Individuals <60 cm were not retained in either fishery due to size restrictions. A large range of
lengths were included for each age with 60-105 cm fish comprising age-1 individuals. Pacicco et
al. (2021) observed similar ranges of 40-110 cm from age-1 fish and considerable variation in
lengths at each age have been reported in many studies concerning growth of tuna species
(Murua et al 2017). The maximum age of 17 for bigeye tuna in this study matches the oldest
Atlantic bigeye in Andrews et al. (2020) and is the oldest bigeye tuna aged in the Atlantic to
date. This extends the maximum age of 9 used from data in Hallier et al. (2005) to estimate the
growth parameters (Richards SS3: Lꝏ = 179.9 and k = 0.281) currently used in the stock
assessment (Anon. 2019). In addition to small tunas, ages >7 were scarce in this study and in
the future need to be sampled more heavily to ensure more accurate estimates of Lꝏ and
subsequently the growth parameter, k, as they are inversely related.
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Observed differences in proportions of ages among yellowfin tuna caught by gear is likely
driven by the selectivity of the gear. This could be explained by differences in spatial
distribution expressed by different age classes, retention by gear types based on value between
the two fisheries as smaller, younger individuals have low commercial market value, or simply
that longline gear has the propensity to capture larger, older yellowfin tuna. In this study
yellowfin tuna >114cm from the rod and reel fishery were not sampled and may inflate the
magnitude of age and size selectivity between fisheries. The lack of small bigeye tuna and size
selectivity in either fishery is noteworthy. Pacicco et al. (2021) included ages of yellowfin tuna
individuals captured primarily in rod and reel fisheries which included all age classes in the Gulf
of Mexico and the Northwest Atlantic but also observed older yellowfin tuna captured in
longline fisheries compared to rod and reel and purse seine. Otolith weights continue to
support evidence for use as a cost-effective proxy for age, but these relationships were slightly
lower in terms of deviance explained compared to decimal ages in Pacicco et al. (2021) (R2
=0.91) and nearly identical (R2=0.79) to daily ages in Driggers et al. (1999).
2.5 Conclusion
With patterns of sex specific growth in both species (Murua et al., 2017, Pacicco et al., 2021),
larger sample sizes may have shed light on growth rates between sexes for both species. Size
and age selectivity for yellowfin tuna were present between longline and rod and reel capture
gear and significant differences in growth models existed between species with bigeye tuna
reaching a larger asymptotic length and expressing a lower growth rate than yellowfin tuna.

24

CHAPTER 3
SPATIAL AND INTERANNUAL FORAGING DYNAMICS OF BIGEYE (THUNNUS OBESUS) AND
YELLOWFIN (THUNNUS ALBACARES) TUNA IN NORTHEAST U.S. CONTINENTAL SHELF SLOPE
REGIONS
3.1 Introduction
Due to their long migrations, rapid metabolism, and fecundity tunas’ energetic costs are high
relative to other fishes (Graham and Dickson 2004). Similar to other highly migratory species
such as marine mammals and birds, bigeye and yellowfin tuna reproductive success relies on
abundant prey populations to increase lipid stores depleted during migratory and reproductive
activity (Pikitch et al. 2012, Margulies et al. 2007). Further, forage populations composed of
small individuals may decrease the somatic condition of top predators, despite being abundant,
due to energetic payoffs resulting from migratory costs and metabolic demand (Golet et al.
2015). Although Hilborn et al. (2017) determined that a wide range of predators’ population
abundance was largely unaffected by fishing forage populations, there are exceptions (Pikitch
et al. 2012). A forage species population abundance is largely driven by additive effects of
interannual variation in oceanographic and abiotic factors as well as fishing and predator
pressure throughout the species life cycle (Hilborn et al. 2017, Pikitch et al. 2012, Overholtz,
Link, and Suslowicz 2000). Direct observations of prey items in predator stomachs that
encompass a wide-ranging habitat can provide vital information of species distribution and how
that distribution changes in relation to environmental conditions, space, and time. Determining
food web dynamics using this method over large temporal and spatial scales is challenging and
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requires large sampling efforts with multiple gears to capture full prey diversity (Magnussen
2011, Olson et al. 2014; Overholtz, Link, and Suslowicz 2000) but may be more effective than
methods using fishing gears to survey assemblages where spatial and vertical scales are
daunting and species are elusive to capture gear. Bigeye and yellowfin tuna are considered
generalist, opportunistic predators and feed on a diverse array of chordate, mollusc, and
arthropod species (Dragovich, 1966; Manooch and Mason, 1983; Barr et al., 1991; Duffy et al.,
2017). Both species are important predators in pelagic ecosystems, have rapid digestion rates,
and can consume 15% of their body weight during foraging cycles (Dragovich 1966; Olson and
Boggs 1986; Olson et al., 2016). Abundances, range shifts, contractions, and expansions for
both predator and prey species are key components in understanding what ecosystem
interactions are important, may occur, or cease to occur in the future (Hare et al. 2016). In
addition to traditional stock assessments, understanding the interannual fluctuations of prey
abundance and especially prey spatial distribution in important foraging grounds is essential for
conserving exploited fish stocks (Hilborn et al. 2017). Monitoring foraging dynamics of these
two apex predators may provide evidence of ecosystem changes such as species range shifts,
food-web base regime shifts, and top-down effects of harvest in fisheries within the epimesopelagic zone (Olson et al. 2014). Due to their differences in physiology bigeye and
yellowfin tuna have been observed to feed on prey species with different vertical profiles (Duffy
et al. 2017, Ohshimo et al. 2018). Both species can access prey of the vertically migrating DSL
and those that remain exclusively within warm waters (>15°C) of the epipelagic zone, but
bigeye tuna frequently tolerate thermal extremes and access prey in cool coastal waters,
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subtropical convergent zones, and water below thermoclines (Duffy et al. 2017, Matusmoto et
al. 2013).
Duffy et al. (2017) compared stomach contents of 9331 yellowfin and 2127 bigeye tuna on a
global scale and reported prey differences from ocean basin to regional scales. Ommastrephid
squids (Illex spp., Eucleoteuthis spp., Orinthoteuthis spp.) and scombrid (Auxis spp.) fish were
important diet contributors across all ocean basins for yellowfin tuna. Ontogenetic shifts in diet
have been observed in yellowfin tuna stomach content and stable isotope analyses, occurring
at approximately 50 cm fork length (Graham Grubbs, Holland, and Popp, 2007; Weng et al.
2015). Stomatopod arthropods were important prey for small (<925 mm) western Pacific Ocean
yellowfin tuna while stomachs sampled from the California current contained significant
amounts of galatheid arthropods and engraulid fishes. Small bigeye tuna (<684.5 mm) fed
primarily on stomatopods in the western Pacific and Indian oceans but ommastrephids in all
other regions. Large bigeye tuna exhibited increased diet diversity through piscivory, feeding on
mesopelagic myctophid, paralepidid, and alepisaurid species. A vast array of fish families are
important components of bigeye and yellowfin tuna diets and tends to account for regional
variability (Júnior et al. 2012, Silvia et al. 2019, Staudinger et al. 2019, Albuqurque et al. 2016).
Bigeye tuna have consistently been observed to feed on larger prey than yellowfin tuna and
prey/predator length relationships differ between species. Yellowfin tuna (>50cm) mean prey
lengths were consistent as tuna length increased, whereas bigeye tuna (>50 cm) mean prey
lengths increased with increasing tuna length (Ruderhausen et al. 2010, Poland, Scharf, and
Staudinger 2019, Lin et al. 2020). In the Peru current ommastrephids were found to be the
most important prey family of bigeye, yellowfin, and albacore (Thunnus alalunga) tunas and
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overall prey diversity was low as a result (Duffy et al. 2017). High velocity western boundary
currents such as the Kuroshio and Gulf Stream currents support abundant ommastrephid
resources and are important areas for successful larval survival and dispersal (Luckhurst 2018,
Titres 1983). Squids are characterized by high growth rates, short life cycles (less than a year),
and annual biomasses that are influenced by oceanographic dynamics. They play a key role in
connecting high trophic level predators with low trophic level micronekton (Luckhurst, 2018;
Chesnais et al., 2019). Thus, the annual variability of oceanographic conditions and resulting
ommastrephid abundances may affect the physical condition of higher trophic level populations
such as bigeye and yellowfin tuna. Ohshimo et al. (2018) reported the importance of
paralepidids and ommastrephids as prey of bigeye tuna in the Kuroshio current, two species
that have also been reported as significant prey of bigeye tuna sampled near the Gulf Stream
current (Duffy et al., 2017). In the western Indian Ocean alepisaurids made up the most
important prey item by percent weight for bigeye tuna (Lin et al., 2020), while central Indian
Ocean stomach contents from 46 and 16 non-empty stomachs of bigeye and yellowfin tuna
respectively, consisted of carangids followed by other fishes (Setyadji, Bahtiar, and Novianto,
2012).
Within the study periods of 1992-94 and 2003-05 diet shifts occurred for yellowfin tuna in the
Eastern Pacific Ocean (Olson et al., 2014). Large scale sampling with multiple gears revealed an
increase in arthropods, namely Pleuroncodes planipes, and small mesopelagic fishes from 200305 and a decrease in large epipelagic fishes such as Auxis spp. that were more important prey in
the 1992-94 time period. Olson et al., (2014) linked these results to an estimated decrease of
phytoplankton size by 2.2% and 2.3% at latitudes between 10-30° in the north and south Pacific
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Ocean respectively, over a nine-year period from 1998 to 2007 and an oligotrophic surface
water area increase by 2.2% and 1.4% in the North and South Pacific, respectively during the
same period (Polovina et al., 2008; Polovina and Woodworth, 2012).
Tuna stomach content studies in the Pacific and Indian oceans far outnumber those in the
Atlantic (Duffy et al. 2017). Furthermore, Atlantic bigeye tuna diet data are insufficient with
only a handful of studies conducted in the last half century (Matthews et al. 1977, Logan et al.
2013, Vaske Júnior, 2012, Staudinger et al., 2013; da Silva et al. 2019). Investigations of
yellowfin tuna diet are more abundant, occurring throughout the Atlantic but not consistently
over temporal scales or sufficient sample sizes. Dragovich (1966) collected 575 non-empty
yellowfin tuna stomachs (<70 cm) from regions throughout the Atlantic with most sampled
from equatorial waters near the Brazilian shelf and the Gulf of Guinea and observed high
volumes of fish prey across all regions with Gulf of Guinea stomachs frequently containing
crustaceans. Western Atlantic bigeye tuna captured at depths of 50-300 m by longline near the
coast of Brazil primarily contained Brama caribbea by index of relative importance (%IRI)
followed by other mesopelagic fishes such as Alepisaurus ferox and Omosudis lowei (Vaske
Júnior, 2012). Near the coast of Brazil diets of both species captured by handline and pole and
line were characterized and exocoetids were important for yellowfin tuna by percent weight
(82.97%) and frequency of occurrence (47.16%), whereas bigeye tuna consumed ommastrephid
squids and mesopelagic micronekton (da Silva et al., 2019). Exocoetids were also the most
important prey of yellowfin tuna in the central Atlantic, Saint Peter and Saint Paul Archipelago
(Albuquerque et al., 2019).
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Seven studies (Dragovich, 1966; Barr et al., 1991; Poland, Scharf, and Staudinger, 2019;
Matthews et al., 1977; Logan et al., 2013; Rudershausen et al., 2010; Manooch and Mason;
1983) analyzing yellowfin tuna diet and two of bigeye tuna diet (Mathews et al., 1977; Logan et
al., 2013) have been conducted in shelf and open ocean regions near the eastern United States.
Gears sampled include exploratory longline cruises and recreational rod and reel landings from
tournaments and fish cleaning stations, with no studies making use of multiple gear types.
Sixteen yellowfin tuna stomachs sampled in the northwest Atlantic by longline gear revealed a
diverse diet of fish with scombrids constituting the most important prey item (Dragovich 1966).
Bigeye tuna, although low in sample size, captured by longline in the northwest Atlantic
contained ommastrephids, paralepidids, and alepisaurids, whereas yellowfin tuna contained
ommastrephids, argonautids, arthropods, and Sargassum associated species such as balistids
and carangids (Matthews et al. 1977, Logan et al. 2013). Manooch and Mason (1983) reported
equal contributions of molluscs and fishes by volume in yellowfin tuna diets sampled in
recreational fisheries from North Carolina to Georgia. Although low in volume (5%), arthropods,
mainly juvenile Raninidae megalopa, occurred frequently and in high numbers (Manooch and
Mason 1983). Ammodytes sp. accounted for more than 53% of prey volume of yellowfin tuna
caught by recreational rod and reel vessels in shelf waters in the mid-Atlantic Bight (Barr et al.
1991). Exocoetid and scombrid fish, followed by ommastrephid and amphipod prey were
abundant by frequency of occurrence and mean weight in stomachs of yellowfin tuna sampled
from rod and reel fisheries, with little seasonal variation observed (Rudershausen et al. 2010,
Poland, Scharf, and Staudinger 2019).
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Many investigations of tuna diets focus on quantifying, in weight and number, prey items that
are identifiable by morphology or tissue to the lowest possible taxonomic classification.
Digestion rates of soft tissues in tunas are rapid (10-14 hrs) due to elevated stomach
temperatures (Olson and Boggs 1986; Carey, Kanwisher, and Stevens 1984) and as a result, a
large proportion of prey items are not identifiable which may create biases in diet assessment
due to prey size, temporal trends in tuna foraging behavior, and gear used to sample tuna (Bard
et al. 2001). Supplemental genetic analyses to identify prey items have been proposed as an
alternative to more accurately estimate stomach contents that are visually unidentifiable (Lin et
al. 2020).
Teleost otoliths and cephalopod beaks degrade slowly compared to bone and soft tissues of
whole prey items. Although largely ignored due to differing evacuation rates between these
digestion resistant hard parts and prey soft tissues, as well as digestive biases in otolith sizes
(Van Heezik and Seddon 1989), identification of beaks and otoliths can reveal diversity in diet
not captured in tissue-only stomach content analysis (Staudinger et al. 2013, Lin et al. 2020).
Furthermore, lower rostral lengths (LRLs) and otolith lengths (OLs) can be used to reconstruct
prey lengths and weights using established equations, which help to limit large proportions of
unidentified prey (Ohshimo et al. 2018, Clarke 1986, Lin et al. 2020). Although the degradation
of otoliths and beaks from prey species in tunas has not been studied, otoliths fed to yellow
eyed penguins completely degraded in 24 hours and the rate of degradation was inversely
related to otolith size (Van Heezik and Seddon 1989). Cephalopod beaks were much more
resistant with the only wear occurring after 24 hours of digestion in penguin stomachs that
included stones. Unlike otoliths which are composed of aragonite-protein composite,
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cephalopod beaks are not chemically uniform and contain varying levels of hydrated chitinous
fiber-protein composites depending on the location along the beak (Degens, Deuser, and
Haedrich 1969; Miserez, Rubin, and Waite 2010). Resistance to digestion and evacuation rates
of beaks in marine mammals have been well documented (Wilson et al., 2017; Bassoi,
Shepherd, and Secchi 2018; Clarke 1972) and highlight the prolonged and variable residence
times of beaks in digestive systems. For example, species may migrate over large distances with
beaks still in their stomachs given the occurrence of squid species present in whale stomachs
that were non-native (Clarke 1972).
Through the use of stomach content analysis (SCA) including-, beak, otolith, and genetic
identification of degraded prey tissue, this study aims to (1) compare and determine prey size,
diversity, and abundance in bigeye and yellowfin tuna sampled on shelf, shelf break, and shelf
slope areas of the northeast United States, (2) assess spatial and temporal trends of diet within
our study region, and (3) compare diet between capture methods (longline and rod and reel
fisheries).
3.2 Methods
3.2.1 Sample Collection, Prey Categorization, and Genetic Barcoding
Bigeye and yellowfin tuna landed in commercial pelagic longline and recreational rod and reel
fisheries were sampled from June to September in 2018 and June to November in 2019. Tunas
were caught in the Gulf Stream current, the continental shelf, and slope canyons from Cape
Hatteras to the international maritime border of Canada and the United States (Figure 3.1).
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Figure 3.1 Sampling locations for bigeye and yellowfin tuna. Black dots represent average position of
each pelagic longline set. Red dots represent recreational ports sampled through either tournaments or
where individual vessels collected and saved stomachs for the project.
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Rod and reel sampling events included 5 recreational tournaments and repeated sampling of
landings from a single charter vessel in New Jersey. SST, gear dynamics, latitude and longitude
were also recorded for samples obtained from 5 commercial longline trips for each haul and
set. Tunas sampled repeatedly from the charter vessel (F/V Canyon Runner) were caught along
the shelf break canyons and exact locations of tunas landed in tournaments are unknown
although fishing likely occurred at the shelf break and on the shelf itself according to spatial
limitations of each tournament and previous studies of this fishery in the Mid-Atlantic Bight
(Barr et al. 1991). Longlines sets occurred at dusk and were hauled at dawn. Hooks were baited
with shortfin squid (Illex illecebrosus) (>150mm mantle length) and fished at depths of 20-50
meters.
Sets included five hooks between buoys, sections containing 120 hooks, with number of
sections per set ranging from 3-10 (mean = 7). Recreational fisheries operated during night and
day largely using surface trolled ballyhoo and artificial squid baits. In late summer and fall, rod
and reel gear also targeted fish at depth by chunking or chumming butterfish baits. Stomachs
were separated by respective sampling events to analyze spatial and temporal differences in
diets of both tunas (Table 3.1).
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Table 3.1 Description of SST, capture gear, spatio-temporal ranges, and longline CPUEs (fish 1000 hooks1
) of sampling events where stomachs were sampled for both tunas from 2018 and 2019.

Sex was recorded for each tuna (if available) and species were differentiated using liver and
body morphology. Lengths were recorded and converted to SFL as described in Chapter 2.
Stomachs from tunas caught in the commercial fishery were immediately eviscerated from the
esophagus, labeled internally and externally, then stored in ziplock bags. Samples were then
either frozen or stored on ice for the duration of the trip depending on vessel capability.
Recreationally-caught tunas were put on ice after capture until sampling occurred at the port of
landing then whole stomachs were kept on ice or frozen for transport until they could be stored
in freezers at the lab.
Stomachs were thawed and contents were rinsed into a 500 micron sieve. Depending on the
level of degradation prey items were identified to the species level when possible or at least to
phylum for heavily digested items. Fork length for chordates, mantle length for molluscs,
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carapace width for order Decapoda, and total length for all other arthropods were recorded
when intact. Every prey item was weighed to the nearest hundredth gram. Otoliths and beaks,
loose and associated with tissue, were also used to identify prey items to the family level using
references (Clarke 1986, Tree of life project 2019, Lowry 2011, Brodeur 1979, Xavier and Cherel
2009). Loose hard parts not associated with tissue were not weighed or included in any %MWi
but, compared separately based on number and occurrence due to temporal biases in digestion
and accumulation. Items that were clearly used as bait from chumming, trolling, and longline
(with e.g., lacerations, bridling, specific cuts) characteristic of each method were recorded but
not involved in any statistical analyses.
Muscle tissue from prey items that had sufficient undegraded mass were rinsed with deionized
water, subsampled at their core, and stored in vials filled with Invitrogen RNAlater Stabilization
solution. Samples were then shipped to the University of South Carolina to be analyzed using
the following methods described in Helgoe, Oswald, and Quattro (2020). Total genomic DNA
(gDNA) was extracted following the animal tissue protocol in Qiagen's DNeasy Blood and Tissue
Extraction Kit®. Presence of high molecular weight gDNA was confirmed by electrophoresing 5
μL of each extraction in ethidium bromide-stained 1.5% agarose gels and visualizing over
ultraviolet light. Successful gDNA extractions were stored at −20 °C, then used as a template for
the polymerase chain reaction (PCR). Each reaction used a 2 μL (∼10 ng) of gDNA template
Amplified loci included a portion of two mitochondrial DNA loci, the cytochrome oxidase I (COI)
barcoding locus, and the 16S rRNA locus. Two loci were utilized to increase the ability to assign
samples to species, and furthermore, 16S rRNA has been demonstrated to work as well as COI
in DNA barcoding in fishes (Steinke et al., 2005). Amplifications targeting the COI locus used
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primers and conditions as in Ivanova et al. (2007), whereas the 16S rRNA amplifications used
universal primers (16Sar, 16Sbr) and conditions found in Palumbi (1996). Amplifications were
confirmed by visualization of bands of appropriate size under ultraviolet light using 1.5%
ethidium bromide-stained agarose gel electrophoresis. PCR amplifications were prepared for
direct sequencing by incubating 10 μL of PCR product with 1 μL of a 3:1 ratio of shrimp alkaline
phosphatase:exonuclease I (1 unit/μL:20 units/μL) at 37 °C for 30 min, followed by deactivation
at 80 °C for 20 min. Samples were then sequenced in both the forward and reverse directions,
whenever possible, using Applied Biosystems Big Dye Terminators (v. 3.1) and each of the
original PCR primers in separate sequencing reactions. DNA sequences were obtained from an
Applied Biosystems 3130xl genetic analyzer. Chromatograms were edited and then assembled
into contigs from forward and reverse sequences using Sequencher (Ver. 4.1.4; Genecodes
Corporation, Michigan). Individual contigs were the basis of database searches and further
statistical analyses.
DNA barcoding was used to identify tuna prey species found in tissue samples based primarily
on sequences of the mitochondrial cytochrome oxidase I (COI) locus. Barcoding analyses of COI
used simple homology searches of individual contigs as queries against nucleotide accessions in
the Barcode of Life Data System (BOLD) and the online BOLD identification engine
(Ratnasingham and Hebert, 2007). Sequences from the 16S rRNA locus were used to validate
the identity of all putatively mislabeled samples suggested by the COI-based barcoding analyses
and for attempts to characterize all tissue samples for which multiple COI amplifications were
unsuccessful. All 16S rRNA sequences were compared against those accessions in GenBank
using BLAST (Basic Local Alignment Search Tool) (Altschul et al., 1990). Both analyses used a
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98% cut-off criterion for sequence homology for significance of individual matches. All matches
from searches of the BOLD and GenBank databases for each individual query were assembled,
and all taxa that remained within the 98% threshold were inspected further. If only a single
taxon remained after the cutoff was applied, then this was considered a significant match and
assigned accordingly. If more than two discrete taxa remained after the threshold criterion was
applied, the ‘max-score’ criterion was used to assign identity to individual query sequences
(e.g., Willette et al., 2017).
3.2.2 Statistical Analyses
Calculated round weight (RW) using straight fork lengths (SFL) and established length-weight
equations (ICCAT) were used to determine repletion indices (g/kg) for both tuna species. MannWhitney U tests were used test for differences in repletion indices distributions between tunas
and capture gears. Welch’s two sample t-tests were used to test for significant differences in
means of SFL between tunas and capture gears. Quantile regression was used to investigate
predator/prey length relationships and 5th, 50th, and 95th quantile regressions were tested for
significance with the package ‘quantreg’.
Number and weights of prey items by phylum, family, and species when available for both tuna
species were summed and reported. Percent frequency of occurrence (%FOi) and (%MWi) were
also reported and calculated as:
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where %𝐹𝑂𝑖 is the proportion of stomachs containing prey taxa (i) in all non-empty stomachs
(p) and %𝑀𝑊𝑖 is the proportion by weight of prey taxa (Wi) and the sum of weights of all prey
taxa (n) in an individual stomach (j) divided by the number of all non-empty stomachs (p).
Sample size-based rarefaction and extrapolation curves using permutated frequency counts
were plotted to investigate richness and diversity of prey families in each sampling event.
Observed richness and Shannon diversity were compared with extrapolated estimates double
the sample sizes to assess sample size deficiencies. Analyses were conducted using the ‘iNEXT’
package (Chao et al., 2014).
For multivariate analyses prey was grouped into 14 guilds which were composed of consistently
occurring and prey families that contributed %MWi that was >2% such as Ommastrephidae,
Scombridae, Monacanthidae, Argonautidae, and other rare families grouped based on similar
morphology, developmental stage, and/or habitat characteristics. Prey items not identified to
taxonomic family level were not included in these analyses. Percent mass (𝑊𝑖 /∑𝑛i=1 𝑊𝑖 ) of prey
guilds in each individual stomach was used for ordination and nonmetric multidimensional
scaling (NMDS) was applied to visualize forage niche overlap between tunas (Poland, Scharf,
Staudinger et al. 2019). Analysis of similarity (ANOSIM) tests, which test that dissimilarities
between groups are greater than within groups, were also conducted using this matrix to
explore the relationship of diets between tunas, sampling events where n>28, size classes (6080, 80-100, 100-120, and >120cm), latitude (≤36.41ᵒN, >36.41 and ≤38.66ᵒN, >38.66 and
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≤39.97ᵒN, >39.97ᵒN), season (summer/fall), and capture gear. Prey guild %MWi for each tuna
specific sampling event where n>28 was used to calculate Bray-Curtis dissimilarity (Bray and
Curtis 1957, eq. 3) and Chi- squared (Greenacre and Primecerio 2013, eq. 4) distances. Where j
and k are two sampling events, BC and X are the Bray-Curtis dissimilarity and Chi square
distances between sampling events j and k, i is the prey guild, x is the %MWi in either jth or kth
sampling event for ith prey guild, and c is the average %MWi for prey guild i in all sampling
events.
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Distance matrices were then used to visualize dissimilarity significance among sampling events.
All multivariate analyses were conducted in the ‘vegan’ package. All analyses were conducted in
RStudio V1.4.1106.
3.3 Results
3.3.1 Straight Fork Lengths, Repletion Indices, and Predator/Prey Relationships
Stomachs were collected from 199 bigeye and 606 yellowfin tuna and >7,500 individual prey
were identified. Completely empty stomachs were limited occurring in only 2.53% of bigeye and
5.44% yellowfin tuna. Floating Sargassum spp. and other macroalgae occurred in 3.54% and
15.8% of bigeye and yellowfin tuna stomachs, respectfully. Hirudinella ventricosa and other
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parasites occurred in both bigeye (12.6%) and yellowfin (12.2%) tuna stomachs. There were
significant differences in means of SFL between the bigeye (120.4 cm) and yellowfin (93.4 cm)
tuna (t=18.55, p<2e-16, Figure 3.2).

Figure 3.2 Length frequency histogram of non-empty bigeye (red) and yellowfin (yellow) tuna
stomachs sampled from June 2018 to November 2019. Overlap in size bins is represented in
orange.

No significant differences in SFL were detected for bigeye tuna between gears (t=-1.737,
p=0.085), whereas mean SFL of yellowfin tuna sampled by recreational (88.4 cm) and
commercial gears (110.2 cm) differed significantly (t=5.105, p< 0.001). For individuals whose
sex could clearly be determined (BET-30.5%, YFT-22.6%) sex ratios (female:male) were 1.28:1
and 0.90:1 for bigeye and yellowfin tunas respectively. Stomachs sample sizes and tuna SFL
distributions varied in each sampling event (Figure 3.3). Largest average longline set CPUEs
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among sampling events were 16.7 and 10.5 fish per 1000 hooks during SE9 and SE12 for bigeye
and yellowfin tuna respectively. Through morphological and genetic identification methods
non-empty stomachs from 188 bigeye (69.7-174.7 cm) and 574 yellowfin (62.9-162.7 cm) tunas
contained prey from 57 families and >80 species. Contamination and especially degradation of
DNA in prey tissues prevented identification to genus or species level in 56.6% of samples used
in genetic analyses. Despite the high rate of degradation 5 families and 22 species were
identified exclusively from genetic barcoding. Hard part identification of loose otoliths and
beaks revealed an additional 7 families not detected by genetic or gross identification methods
(Figure 6). Median repletion values were 1.04 and 1.31 g kg-1 for bigeye and yellowfin tuna
respectively and distributions were significantly different between tunas (W=44712, p=0.039).
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Figure 3.3 Length frequency histogram of non-empty bigeye (red) and yellowfin (yellow) tuna
stomachs for each sampling event sampled from June 2018 to November 2019. Overlap in size
bins is represented in orange.
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Bigeye and yellowfin tuna repletion indices were significantly lower (W=2223, p=0.002 and
W=21581, p=0.005 respectively) when captured with longline gear (0.89 and 0.84 g kg-1) than
those captured with rod and reel (4.55 and 1.39 g kg-1, Fig. 3.4).

Figure 3.4 Repletion indices of bigeye and yellowfin tuna caught with longline and rod and reel gear.

Quantile regressions revealed significant positive relationships in predator/prey lengths for 5th
and 95th quantiles for bigeye tuna and 50th and 95th quantiles for yellowfin tuna. On average
bigeye tuna fed on larger chordate and mollusk prey than yellowfin tuna (Table 3.2).
Arthropods and juvenile fishes dominated small prey while fish composed the largest prey
lengths for both tunas (Figure 3.5).
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Table 3.2 Quantile regression intercepts (ẞ0), standard error (SE), and significance levels of each
regression coefficient (ẞ1) for both tuna predator-prey length relationships. Mean sizes by phylum are
also reported.

Figure 3.5 Predator/prey length relationships for bigeye (top) and yellowfin (bottom) tunas with 5th
(dashed), 50th (solid), and 95th (dashed) quantiles. Phyla Arthropoda (red), Chordata (green), and
Mollusca (blue) are also represented.
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3.3.2 Prey Composition
Arthropods were largely unimportant for bigeye tuna and contributed a very small proportion
of prey item weight (17.03 g), frequency of occurrence (15.96%), and number (47) overall
(Table 3.3). The arthropod taxa present in bigeye tuna stomachs were similar to those identified
in yellowfin tuna but none occurred more often than yellowfin tuna arthropod forage. Idoteids
were the most frequently occurring Arthropod (6.38%) identified in bigeye tuna stomachs.
Chordates that contributed the greatest %MWi to bigeye tuna forage included multiple species
from the families Myctophidae (5.33%) and Gempylidae (3.74%). To a lesser extent
ammodytids, paralepidids, and monacanthids were also important among chordates. Salps also
occurred relatively often (10.64 %FOi). The remaining Chordate families were composed of rare
demersals and mesopelagics such as Phycidae, Scyliorhinidae, and Alepisauridae and
epipelagics such as Ariomattidae, Centrolophidae, Hemiramphidae, Scombridae, and
Sygnathidae.
The phylum Mollusca was the most dominant of the three contributing 66.95% by %MWi. Illex
illecebrosus was by far the most important prey species for bigeye tuna. Illex occurred in
45.75% of non-empty stomachs and accounted for 27.40% MWi. Argonautids were second in
importance of the molluscs occurring in 10.64% of bigeye tuna stomachs. Neritic Loliginids and
mesopelagic Histioteuthid and Gonatid squid occasionally occurred and contributed an
intermediate proportion of mollusk weight. Other species of mollusk were rare but included
adult Lepidoteuthis grimaldii, gastropods from families Atlantidae and Cavoliniidae, and juvenile
brachioteuthids and octopoteuthids. Owing to rapid digestion by both tunas a large portion of
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Table 3.3 Phyla, families, genus, and species identified in 188 non-empty bigeye tuna stomachs sampled
from 2018-2019. Bolded families were identified exclusively through genetic barcoding while bolded
species were identified either exclusively through genetic barcoding or gross identification and genetic
barcoding.
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stomach contents remained unidentified. Unidentified Mollusca was twice by %MWi that of
unidentified Chordata for bigeye tuna. Moreover, it is likely that most of the unidentified
Mollusca tissue is composed of digested Illex illecebrosus, being that it is the most prevalent
identifiable Mollusk for both tunas.
Yellowfin tuna forage consisted of nearly equal proportions by weight, %FOi, and %MWi of
chordates and mollusks (Table 3.4). Despite contributing the largest numbers of individuals
(3904), members of the phylum Arthropoda were less important compared to phyla Chordata
and Mollusca but still contributed significant %MWi (12.16%) and occurred frequently overall
(46.86%). Amphipods from suborder Hyperiidea associated with the deep scattering layer
dominated Arthropod prey in terms of weight, %FOi, and number. Themisto spp. were the most
abundant prey genus by number (3033) and represented the third largest %MWi (5.81%) overall
for yellowfin tuna. When this species occurred it often included tens to hundreds of individuals.
Brachyuran megalopae were also numerous (362) and occurred frequently (12.98%). Phrosina
semilunata and Phronima sp. occurred relatively often (7.84% and 6.97% respectively). Other
Arthropod prey were composed of sargassum associates and larvae such as Idotea baltica,
Portunus sp., and Cerataspis monstrosa.
The phylum Chordata contained the greatest family richness of the three phyla for yellowfin
tuna. Species from the family Scombridae were the second most important prey family by
%MWi (11.51%) for yellowfin tuna diet overall. Those species included Auxis rochei, Auxis
thazard, Euthynnus alletteratus, and Scomber colias with the former identified as the most
frequently occurring scombrid (16.55% FOi). Occurring slightly more than scombrids, filter
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Table 3.4 Phyla, families, genus, and species identified in 574 non-empty yellowfin tuna stomachs
sampled from 2018-2019. Bolded families were identified exclusively through genetic barcoding while
bolded species were identified either exclusively through genetic barcoding or gross identification and
genetic barcoding.
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Table 3.4 cont.
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feeders from the family Salpidae were the most abundant chordate by number (514).
Ammodytes spp. occurred infrequently (3.14%) but contributed the third largest weight of any
chordate family (1511.32 g) and were often numerous when present. Sargassum associates and
other surface-dwelling chordates such as Monacanthids, Hemiramphids, Exocoetids, and
Carangids were also of moderate importance by %MWi (3.62-1.61%). Monacanthids such as
Aluterus monoceros and Stephanolepis hispidus occurred frequently (9.23% FOi) among
chordates and were the fourth largest %MWi contributor of yellowfin diet by family. Selene
setapinnis often occurred with 10-30 individuals present. Apart from Paralepis brevirostris and
Nealotus tripes, mesopelagic species from families such as Aleipisauridae, Bramidae,
Myctophidae, and Nomeidae rarely occurred and were low in number. Juvenile Dactylopterus
volitans and Tetraodontids such as Canthigaster rostrata and Sphoeroides maculatus occurred
with moderate frequency (4.01% and 6.1%, respectively) but did not contribute any substantial
%MWi. The remaining chordates were composed of rare fish species such as Coryphaenus
hippurus and Luvarus imperialis.
Tuethids and Octopods occurred just as frequently as chordates by yellowfin tuna. Illex
illecebrosus was the most frequently occurring (31.53% FOi) and greatest contributor by weight
(19.01% MWi) of prey species in yellowfin tuna forage. Argonautids occurred frequently
(10.98% FOi) and Loliginids were substantial in (360.6 g) weight. All other mollusks were rare
but included juvenile forms of the teuthid and octopod families Alloposidae, Brachioteuthidae,
Vitrelledonellidae, Tremoctopodidae, Octopoteuthidae, and Lepidoteuthidae all of which spend
the early life history in shallow pelagic depths. Two families of gastropods were also present
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but rare-Cavoliniidae and Atlantidae. Adult Thysanoteuthis rhombus was also observed as a rare
prey item.
Ommastrephids were more abundant by %MWi in bigeye and yellowfin tuna captured by rod
and reel gear (80.7% and 29.8%, respectively) compared to longline gear (43.7% and 18.4%,
respectively) (Figure 3.6). Species from the family Scombridae, Exocoetidae, pre-settled
brachyuran megalopae, and Themisto sp. amphipods were more abundant by %MWi for
yellowfin tuna captured with rod and reel gear (16.2%, 3.45%, 3.26%, and 14.1%) than longline
gear (9.22%, 2.09%, 0.31%, and 0.08%, respectively), while nyctopelagic fishes were greater by
%MWi for bigeye tuna captured by longline gear (29.9%) compared to rod and reel (2.99%).
Ammodytes sp. occurred only in diets of bigeye and yellowfin tuna caught in recreational
fisheries. Salps occurred more often in yellowfin tuna stomachs sampled from longline gear
(25.4%) compared to rod and reel (18.0%) and were more abundant by %MWi (10.6% and
4.31%, respectively).
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Figure 3.6 %MWi of prey guilds for both tunas and their capture gears.

53

3.3.3 Loose Otoliths and Beaks
Loose otoliths and beaks occurred in 80.95% and 56.49% of bigeye and yellowfin tuna
stomachs, respectively. Otolith and beak identification revealed that diets of both species were
composed of greater species richness than prey with tissue alone (Figure 3.7). Families
discovered by loose hard parts alone included Bolitinaeidae, Chiroteuthidae, Cycloteuthidae,
Opisthoteuthidae, Stromateidae, Merluccidae, and Gadidae. Species with small otoliths
(Balistids, Monacanthids, Scombridae etc.) were rarely detected. Frequency of occurrences for
hard parts were comparable to prey associated with tissue for yellowfin tuna with the slight
exceptions of Histiotuethis reversa and Haliphron atlanticus, whereas frequency of occurrences
between hard parts and prey associated with tissue were not comparable for bigeye tuna.
Families that were not similar in number and frequency of occurence between the two
methods of identification included Myctophidae, Histioteuthidae, Alloposidae, Gonatidae,
Brachioteuthidae, and Paralepididae. Argonautid and Ommastrephid beaks occurred in similar
percentages as prey associated with tissue. At least three species of myctophids, Certoscopelus
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Figure 3.7 Number of individuals and frequency of occurrence comparisons between hard parts (black)
and prey associated with tissue (grey) for families detected in non-empty stomachs of 188 bigeye
(above) and 574 yellowfin (below) tuna. Asterisks indicate exclusive identification by otoliths or beaks.
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maderensis, Symbolophorus veranyi, and Diaphus spp. contributed a minimum of 1,859
individuals to bigeye diet. Myctophids were detected in bigeye tuna stomachs as loose otoliths
3-fold that of prey associated with tissue and were nearly 10-fold by number. Histioteuthis
reversa were also numerous for bigeye tuna- 580 lower beaks were detected. Nevertheless,
ommastrephids occurred as beaks frequently and in high numbers for both tunas.
3.3.4 Sample Size Validation, Spatial, Inter-, and Intra-Annual Comparisons
Rarefaction and extrapolation curves revealed a range of richness and diversities across SEs for
yellowfin tuna prey families (Figure 3.8). Extrapolated asymptotic family richness estimates for
all bigeye (52.0, SE: ±17.3) and yellowfin (64.5, SE: ±10.7) tuna forage families were greater
than the observed richness for both tunas (32 and 52 respectively). Conversely extrapolated
asymptotic family Shannon diversity estimates for bigeye (14.9, SE: ±1.07) and yellowfin (24.1
SE: ±0.68) tuna were comparable to the observed number of families (13.6 and 23.4). Observed
richness varied across number of stomachs sampled and by sampling event. Sample sizes were
particularly low for yellowfin tuna SE1, SE10, SE11 and for bigeye tuna in all sampling events
except SE9 and SE12. Both observed richness and diversity were not comparable estimates of
prey assemblage at these localities. SE with low sample sizes (YFT-SE1, SE10, SE11 and all BET
except SE9 and SE12) were not included in further spatial analyses purely given the high
probability of rare prey occurrence and the greater emphasis that our metrics would place on
prey family importance in SEs with small sample sizes when compared to SEs with large sample
sizes. Sampling events with low sample sizes often resulted in low diversity. Low latitude
sampling events constituted higher species diversity (Figure 9). Richness estimates for SE5 were
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Figure 3.8 Sample-size based rarefaction and extrapolation curves for families overall and by sampling
event for bigeye (above) and yellowfin (below) tuna. Shaded areas represent 95% confidence intervals
based on reference data permutated 100 times. Shapes are observed richness and diversity, solid lines
represent interpolated values, and dotted lines represent extrapolated values. Guides indicate
parameter q of order 0 (species richness) and 1 (Shannon diversity). Observed richness was compared
with richness at 2*n (double observed sample size) to determine if observed sample sizes reflected
estimates of true diversity and richness. (Chao et al. 2014).
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Figure 3.8 cont.
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Figure 3.9 Observed values and asymptotic estimates of forage family richness and Shannon diversity for
bigeye (above) and yellowfin (below) tuna. Error bars represent standard error.
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Figure 3.9 cont.
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significantly higher than observed richness, although observed Shannon diversity were
comparable to those observed in SE3 in 2018. In northern regions of the Mid-Atlantic bight
asymptotic family diversity estimates and observed diversity was higher in 2019 (SE8) than in
2018 (SE9). Furthermore, yellowfin tuna forage families sampled largely in July of 2018 at this
region (SE7) were less diverse and rich than in SE8. SE6 had considerably low diversity despite
large sample sizes. Highest family diversity in bigeye tuna sampling events occurred in SE9 and
SE12 owing to larger sample sizes.
Arthropod forage was unimportant in all bigeye tuna sampling events (Figure 3.10) but
contributed >15% MWi in northern mid-Atlantic bight sampling events for yellowfin tuna in
both years (SE6, SE7, SE8). Chordate forage was more variable across sampling events for both
tunas with lowest contributions occurring in SE6 for yellowfin and SE10 and SE11 for bigeye
tuna. Molluscs contributed large proportions of tuna prey in most SEs contributing >20% MWi
for all sampling events for both tuna species where n>5.

Figure 3.10 %MWi of forage phyla found for bigeye (left) and yellowfin (right) tuna in sampling events
with sample sizes ≥ 5.
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With the exception of SE8, Illex illecebrosus dominated diet in all bigeye tuna sampling events
with low sample sizes (not included in further analyses) followed by Ammodytes sp. in SE6 and
SE7. Occurring in June of 2019 a recreational bigeye tuna sampling event (SE8, n=12) contained
Histioteuthis reversa, Lepidoteuthis grimaldii, and Loligo pealeii not observed in 2018. Southern
New-England yellowfin tuna sampling events with low sample sizes included hyperiid
amphipods and brachyuran megalopae in SE10 (n=3) and Loligo pealeii in SE11 (n=3).
Ommastrephidae %MWi was lowest among sampling events where n>28 in yellowfin tuna SE3,
SE4, and SE12 (13-15%) and occurred the least frequently in SE3 (17.2%) and SE4 (14.9%)
(Figure 3.11). Ommastrephidae was highest by %MWi and %FOi in SE6 for yellowfin tuna (50%
and 44% respectively). Ommastrephidae occurred just as often in SE5 (43.1%) but was nearly
half that of SE6 by %MWi (27.8%). Scombrids were least abundant for yellowfin tuna in SE6 by
%FOi and %MWi (4% and 5%, respectively) but were the most important prey item for yellowfin
tuna captured by rod and reel in a southern Mid-Atlantic bight tournament sampled in June of
2019 (SE4). Here they accounted for 46% MWi and occurred in 47% of stomachs.
Isopods, Brachyuran megalopae, and the hyperrid amphipods Themisto sp., Phrosina
semilunata, and Phronima sp. occurred in many sampling events in yellowfin tuna. Themisto sp.
was abundant by number, occurrence, and %MWi in June of both years sampled in northern
regions of the Mid-Atlantic Bight (SE6, SE7, SE8). Phrosina semilunata was most abundant
during SE9 for yellowfin and bigeye tuna where it occurred in 35% and 4% of stomachs
respectively. Phronima sp. occurred frequently in SE4 (19% FOi) and SE8 (18% FOi).
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Figure 3.11 %FOi of prey families between yellowfin (left) and bigeye (right) tuna sampling events where
n>28.
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Some prey taxa were abundant over a few sampling events and included Ammodytes sp. which
occurred in all yellowfin and bigeye tuna sampling events captured with rod and reel in 2018
(SE3, SE6, SE7) except SE10. Argonautids occurred frequently in 2019 for yellowfin tuna (SE2,
SE5, SE9) and in one sampling event for bigeye tuna (SE9). Carangids largely in the form of
Selene setapinnis, occurred often (45%) and contributed the most MWi (11%) in yellowfin tuna
stomachs during SE5. Exocoetids also occurred specifically in yellowfin tuna sampling events.
Cheilopogon heterurus occurred in 24% of stomachs sampled during SE3 and contributed 21%
of MWi. Other species of the family Exoceotidae occurred in SE12 (14% FOi) and SE8 (4% FOi).
The majority of loose exocoetid otoliths (70.3%) were found in yellowfin tuna sampled during
SE3. Species from the family Paralepididae occurred infrequently but were present in all but
two sampling events n>28 (YFT SE3 and SE7). Paralepidid individuals represented by loose
otoliths occurred more than three times as much as those identified with tissue for bigeye tuna
and were six times as numerous in bigeye tuna stomachs compared to yellowfin tuna, the
majority of which occurred in SE9 (42.0%) and SE12 (39.8%). %FOi was greatest for Paralepidid
otoliths in bigeye tuna SE12 (39.4%) and yellowfin tuna SE9 (20.5%).
Other forage species were largely abundant in only one sampling event. These species included
Aluterus monoceros (SE12), Nealotus tripes (SE9), Scomberesox saurus (SE9), Gonatus
steenstrupi (SE12), Histioteuthis reversa (SE12), Loligo pealeii (SE9), Symbolophorus veranyi
(SE9), Ceratoscopelus madierensis (SE9) sampled from tunas captured by longline gear. Aluterus
monoceros was the most important prey item for yellowfin tuna in SE12 occurring in 83% of
stomachs and contributing 60% of MWi. Nealotus tripes and myctophids were most abundant
during SE9 for bigeye tuna. Myctophid individuals from loose otoliths were 11-fold greater in
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number (1,848) than myctophid individuals identified using measurable tissue in SE9. Yellowfin
tuna stomachs from this region also infrequently contained myctophid otoliths and greater
than 100 individuals were present. Loligo pealeii were also identified in SE9 in both tunas but
moreso in yellowfin tuna occurring in 21% of stomachs sampled compared to 6% of bigeye tuna
stomachs. Loose beaks yielded 154 more individuals which was 3 times as numerous compared
to Loligo pealeii with measurable soft tissue in this sampling event. Bigeye tuna forage species
Gonatus steenstrupi and Histioteuthis reversa were numerous in loose beaks and occurred
more frequently in SE12 (18.2% for both) than in any other sampling event for either tuna. In
this bigeye tuna sampling event for these two squid species individuals identified with loose
beaks outnumbered those with measurable mass by 5 and 11 orders of magnitude and
occurred 3 and 4 times more often, respectively. Unlike Gonatus steenstrupi, Histioteuthis
reversa also occurred infrequently as beaks in other 2019 sampling events for both tunas (SE8,
SE9) and for yellowfin tuna in both years (all SE but SE4) but were not numerous (<7 individuals
in each SE).
The remaining families included prey taxa that were not abundant by %MWi or often occurred
in only one or two sampling events. Demersals such as a single Scyliorhinus retifer in a SE9
bigeye tuna stomach and Ogocephalidae (SE4 and SE8), juvenile forms of Coryphaenus hippurus
(SE3, SE6, SE7, SE12), Dactylopteridae (SE3, SE4, SE5, SE7, SE8), Trachipteridae (SE5), and
Scyllaridae (SE9) from yellowfin tuna stomachs represented a portion of these rare prey.
Multiple Urophycis regia as otoliths and measurable tissue and a species of the family
Aristeidae occurred in both tunas’ stomachs during SE9. Four yellowfin tuna stomachs sampled
in 2019 (SE5) contained otoliths from at least 64 phycid individuals. Small tetraodontids,
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Canthigaster rostrata and Spheoroides maculatus, occurred frequently in low latitude sampling
events (SE2, SE3, SE5) but were not important by %MWi. Species from the family
Tetraodontidae occurred in 32% of yellowfin tuna stomachs during SE5 which was more than
twice as often when compared to any other sampling event.
3.3.5 Dissimilarity Distances and Multivariate Analyses
Under moderate stress (0.13), indicating acceptable goodness of fit, NMDS using %Wi of prey
guilds and each individual tuna stomach for ordination revealed considerable overlap in dietary
niches between yellowfin and bigeye tuna (Figure 3.12). Yellowfin tuna diet was broader than
bigeye tuna diet and the prey guilds not abundant in bigeye tuna diet such as scombrids,
monacanthids, amphipods, sargassum associates, and family exocoetids reflect this.
Nyctopelagic fishes found in bigeye tuna stomachs were also an abundant guild that
distinguished tuna diets.

Figure 3.12 NMDS ordination scores for bigeye and yellowfin tuna. Ellipses represent 95% confidence
intervals.
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Significant differences were detected in ANOSIM results for tuna species (R=0.05, p=0.0024)
although low R-values indicate that mean dissimilarity ranks of diet between bigeye and
yellowfin tuna were low compared to other factors. Differences between sampling events
where n>28 (R=0.20, p<0.001) and latitude (R=0.11, p<0.001) had the largest between group
rank dissimilarities. Size classes revealed larger significant differences in prey guilds for bigeye
(R=0.11, p<0.001) than yellowfin (R=0.05, p<0.001) tuna. Other factors were significant but
more similar for the two tunas. Capture gear was not a significant factor that distinguished
bigeye tuna forage (R=0.003, p=0.443) but was significantly dissimilar for yellowfin tuna
(R=0.06, p<0.001). Forage dissimilarity was significant for bigeye tuna between summer and fall
(R=0.10, p<0.001), but not for yellowfin tuna (R=0.007, p=0.39). Direct dissimilarity ranks of
yellowfin tuna prey guilds between grouped sampling events in the northern regions of the
Mid-Atlantic Bight (SE6 and SE8) in June were more similar (R=0.09) than southerly regions in
July (SE3 and SE5, R=0.25) between 2018 and 2019 and two longline sampling events where
n>28 for both co-occurring tuna were significantly dissimilar during SE9 (R=0.27) and SE12
(R=0.23).
Due to high within group variability detected from low rank dissimilarities in ANOSIM results,
Chi-square distances which account for proportional weights of each guild, were calculated
using %MWi alongside the popular Bray-Curtis dissimilarity distance to visualize dissimilarity of
prey guilds among sampling events where n>28 (Figure 3.13). Chi square distances between
these sampling events showed the highest values between all sampling events for bigeye tuna
SE9 and yellowfin tuna SE3 and SE12. The lowest distances between SEs were among SE6 and
SE8 for Chi-square distances and SE7 and SE8 for Bray-Curtis dissimilarity distances. Significant
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Bray-Curtis dissimilarities were present for yellowfin and bigeye tuna longline sampling events,
SE9 and SE12.
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Figure 3.13 Dissimilarity distances calculated using Bray Curtis dissimilarity (above) and Chi-Square
distance (below) equations sampling events where n>28 for both tunas. Largest differences in prey guild
%MWi dissimilarities occurred between bigeye SE9 and yellowfin tuna SE12 while the least dissimilar SE
occurred between yellowfin tuna sampled in northern mid-Atlantic bight locations in June and July in
both years (SE6, SE7, and SE8).
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Figure 3.13 cont.
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3.4 Discussion
3.4.1 Prey Composition Between Tunas
Despite varying degrees of diet overlap (Duffy et al., 2017; Ohshimo et al., 2018; Potier et al.,
2004), bigeye and yellowfin tuna diet similarities in this study were largely due to Illex
illecebrosus forage. NMDS prey guild ordination of the two tunas displayed considerable
overlap but yellowfin tuna diet was broad whereas bigeye tuna diet was focused primarily on
ommastrephids and nyctopelagic fish. Scombrids found in yellowfin tuna stomachs also were a
predominate prey family and remaining prey species of lower importance overall separated
tuna diets. Bigeye tuna fed on mesopelagic squids such as Gonatus steenstrupi, adult
Lepidoteuthis grimaldii. and Histioteuthis reversa, the latter which may be more important than
gross examination of stomach contents reveals given the magnitude and frequency of
occurrence of beaks observed. Multiple species of myctophids were consumed by bigeye tuna
in SE9 and their occurrence (42.7%) and number (187) was much greater than that of yellowfin
tuna (1.92% and 4). Species which are documented in surface layers <50 meters such as
Aluterus monoceros, Auxis rochei, Cheilopogon heterurus, Selene setapinnis, and other
epipelagics occurred frequently in yellowfin tuna stomachs but never occurred in more than 5%
of bigeye tuna stomachs. Many juvenile forms of mollusc and chordate species were present in
yellowfin tuna stomachs. Both tunas fed on prey that are known to make diel vertical
migrations (Olivar et al. 2017), but these prey species occurred more frequently and were
greater by %MWi in bigeye tuna stomachs likely due to the vertical variations in foraging
strategies between the tunas. Furthermore, yellowfin tuna amphipod forage was an important
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component of diet not observed in bigeye tuna which may be related to vertical variation in
foraging strategies (Bowman, Cohen, and McGuiness 1982) or ontogeny in bigeye tuna foraging
given the majority of bigeye tuna sampled were adults (Potier et al. 2004, Ohshimo et al. 2018).
The consistent contribution of Illex illecebrosus to the diets of both species highlights the
uniform distribution and large abundance of this species within epi- and upper mesopelagic
regions of the study area. A key species linking low and high trophic levels, Illex illecebrosus
plays an integral role in food webs of coastal and oceanic regions of the northwest Atlantic
(Luckhurst 2018, Logan et al. 2013). Co-occurring tunas caught in most sampling events had
consistently high contributions of ommastrephids. South Atlantic bight (SAB) yellowfin forage
from 2010-2013 was dominated by the phylum Chordata (62.2% MWi), namely Scombrids
(20.0% MWi), but molluscan prey was the lowest contributor of %MWi by phylum at 15.4%
(Poland, Scharf, and Staudinger 2019). Eucleoteuthis luminosa was the most important bigeye
tuna prey species found in similar latitudes and oceanographic conditions near the Pacific
Ocean Kuroshio-Oyashio convergence zone (Ohshimo et al. 2018) which emphasizes the
importance of ommastrephid prey in western boundary currents. Ommastrephids were the
most abundant mollusc family in this study and in other studies throughout the western
Atlantic which emphasizes the dominance of this family relative to other teuthid families and its
abundance and availability as forage overall (Poland, Scharf, and Staudinger 2019, Logan et al.
2013, Duffy et al. 2017).
Scombrids, namely Auxis rochei were important overall to yellowfin tuna diets especially in
2019 recreational fisheries. Auxis spp. adults are often associated with coastal areas which may
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explain the large contribution to yellowfin tuna diets caught in recreational fisheries which
occurred closer to the continental shelf (Uchida 1981). Temperature above the 20ᵒC isotherm is
optimal for Auxis spp. and heavily influences their distribution (Uchida 1981). Auxis spp. larvae
have been observed in the Mid-Atlantic Bight and in large concentrations in the Gulf of Mexico
and the Louisiana delta. Growth rates are rapid and individuals are roughly 120 mm after 35
days. In addition to Illex illecebrosus, Auxis spp. relies on the Gulf Stream current for transport
from spawning grounds into higher latitudes at shelf break and coastal regions rich in
nanophytoplankton. Juveniles and adults (32.0-333 mm) were identified which corroborates
that early life stages of this species are transported from warm adjacent waters to the midAtlantic bight during the early summer and/or spawning takes place at these localities.
More than 10 kg (17% of total prey mass) of unidentified prey phyla were extremely degraded
by the rapid digestion of both tunas. Significant differences in repletion indices for both species
indicated digestive influences between capture gears likely due to duration of capture
processes involved between gears, warm temperatures in Gulf Stream longline sampling
events, and/or perhaps use of deeper forage habitat after digestion has taken place in warm
surface waters (Bard 2001). Prey/predator length relationships revealed consistent
contributions of small prey to the diets of yellowfin tuna whereas bigeye tuna fed on larger
mollusc and chordate prey on average. Tunas <60 cm were not sampled in this study and given
ontogenetic shifts in diet occur at approximately 50 cm (Graham, Grubbs, Holland, and Popp
2007; Weng et al., 2015) major shifts in prey size with tuna size were not detected.
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3.4.2 Spatial, Inter-, and Intra-Annual Differences
Differences in diversity and richness varied across sampling events and according to sample
size. Sample sizes in all SEs largely did not capture the full species richness of forage families
actually present but extrapolated Shannon diversity estimates double the observed sample
sizes were comparable in most yellowfin and two bigeye tuna samplings events. Given the
diversities and richness of other SEs with larger sample sizes, SE with low sample sizes (n<15)
are not sufficient to characterize each forage assemblage present, although more stomachs
did not always result in greater richness and diversity. Diversity and species richness was
higher in 2019 than in spatio-temporally comparable sampling events that occurred in 2018.
Sampling events with sufficient sample sizes revealed similar and contrasting observed
diversity and richness between the two tunas for SE12 and SE9, respectively.
Illex illecebrosus were more abundant by %MWi in recreational fisheries for both tunas.
Occurring over shelf break canyons high Illex illecebrosus abundance and presence of neritic
fishes in recreational surface fisheries suggests utilization of coastal forage prey in 2018 SE.
Nertic fishes were largely absent in stomachs collected from tunas in longline fisheries and Illex
illecebrosus forage was abundant albeit lower than observed in recreational fisheries. Longline
gear was fished in at least 30-60m in depth although hooks in between buoys may have been
slightly deeper. It was also largely set in slope waters away from the shelf break due to
interactions of gear in crab and lobster fisheries where meso-bathypelagic forage could be
accessed. Despite presence of unique prey between gears their abundances were low and
non-significant dissimilarities indicated that gear was not an important factor that
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distinguished forage of bigeye tuna. Significant forage guild dissimilarities were detected for
yellowfin tuna. Coastally abundant Ammodytes sp. occurred as prey items for both species
specifically in the north and south Mid-Atlantic Bight almost exclusively in 2018 (SE6, SE7, and
SE3). Frequency of occurrences and weights of this prey were much lower than previous
investigations for yellowfin tuna in this region (Barr 1991). This may be explained by small
longitudinal differences in study areas. Regardless Ammodytes sp. were abundant by weight for
both tunas and was a relatively important component of diet in 2018 for yellowfin tuna.
Significant differences in diet overlap occurred between the two tunas in SE 12 and 9.
Particularly in deep thermoclines the trophic position of yellowfin and bigeye tuna increases
resulting from greater access to prey at depth (Houssard et al., 2017; Williams et al., 2015;
Olsen et al., 2010). Results suggest disruption and shoaling of optimal thermal habitat may
distinguish diets between tunas. The abundance and occurrence of mesopelagic prey such as
myctophids, gempylids, and epipelagic scombrids, hemiramphids for bigeye and yellowfin tuna
respectively, reinforces this notion. SE 9 occurred as pockets of warm eddy water degenerated.
Vertical transects taken in similar conditions 1 year later reveal how shallow suitable
temperature depths become (Figure 3.14) during late November. Increases in depth of the 20ᵒC
isotherm have been influential to increases in trophic position for both tunas (Houssard et al.,
2017). This shoaling of warm water and nutriclines results in a productive but constricted
habitat which may be important to the more thermally adapted bigeye tuna given large CPUEs
in longline catch historically from October to December (NOAA 2021) and in this study.
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Figure 3.14 Temperature at depth of the first 100 meters in (black) and near (blue) a degenerating warm
water mass in the southern mid-Atlantic Bight measured on November 27, 2020.

SE12 yellowfin tuna forage consisted of a large proportion of Aluterus monoceros, an epipelagic
species found in temperatures from 22.8-29.0 ᵒC (Kashner et al. 2016), whereas bigeye tuna fed
on nyctopelagic Illex illecebrosus and Histioteuthis reversa. Although Illex illecebrosus was the
most dominant prey by %MWi, the magnitude in number and occurrence of Histioteuthis
reversa and Gonatus streenstrup beaks in SE12 emphasizes important mesopelagic mollusk prey
for bigeye tuna that may be subject to temporal digestive biases. Histioteuthis reversa show
strong associations with temperate slope water (Lea 1978) and is one of the most abundant
teuthids in eastern Canada (Stephen 1982). Moreover, these species were considerably more
abundant in the stomachs of both bigeye and yellowfin tuna captured at SE12 than in any other
sampling event, suggesting this locality was more productive given Histioteuthis reversa’s
hypothesized association with productive areas (Voss, Nesis, Rodhouse 1998). The Gulf Stream
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current interacted with the eastern end of Georges bank in August of 2019 (Figure 3.15) and
was likely a driver of local abundance of these species. Bigeye tuna longline landings on
multiple fishing vessels were anomalously high at this region just prior to this sampling event
taking place (F/V Shady Lady and F/V Monica). Warm, high salinity Gulf Stream waters have
increased intrusion onto the continental shelf in recent decades (Gawarkiewicz et al., 2018)

Figure 3.15 Five-day average current velocities at 15 meters during early August 2019. This map was
created using NOAAs ERDDAP data server at
https://coastwatch.pfeg.noaa.gov/erddap/griddap/jplOscar.graph

and 50% more anticyclonic eddies occurred between 75-55ᵒW in 2000-2016 than in 1977-1999
(Monim 2017). Furthermore, the longitude at which the Gulf Stream current begins to
destabilize, and meander has shifted westward (Andres 2016). Oceanographic interactions with
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the shelf such as that observed in SE12 may promote abundances of Aluterus monoceros,
Histioteuthis reversa, and Gonatus steenstrupi or present abiotic conditions favorable to allow
tunas to access them. High CPUEs may have been a result of abundant forage due to Gulf
Stream shelf interactions and/or transport and favorable abiotic conditions from the Gulf
Stream current.
Although upwelling is weaker than cyclonic eddies, mesoscale anticyclonic eddies formed from
Gulf Stream waters have been documented to increase diversity and distribution of
communities of forage species such as Myctophids, Stomiids, and amphipods (Bowman, Cohen,
and McGuiness 1982; Penna and Guabe 2020) and food web bases (Hoarfrost et al. 2019).
Within these eddies primary productivity is concentrated within the eddy and at its fringes
(Penna and Guabe 2020). Diversity and species richness were high in low latitude sampling
events. Yellowfin tuna sampled in warm gulf stream waters in July and August were composed
of a diverse assemblage of warm water chordate species from the families Balistidae, Bramidae,
Tetraodontidae, Carangidae, Monacanthidae, and Scombridae. Argonautids also occurred more
frequently. These prey families were also present in SE5 and occurred more frequently than in
SE3 one year later sampled in the same area. ANOSIM results revealed larger between group
differences for interannual sampling events SE3 and SE5 than SE6 and SE8. Intrusion of warm
salty gulf stream water to a greater extent in 2019 may have caused increases in forage
diversity in this area. Further, Auxis spp. overwhelmingly dominated yellowfin tuna diet during
a 2019 sampling event in the southern regions of the Mid-Atlantic Bight (SE4) suggesting that
abiotic and biotic conditions resulting from the oceanography at this locality were favorable to
this species, although no interannually comparable counterpart was sampled in 2018. Occurring
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in the same area and during the same time period, yellowfin tuna SE6 and SE8 were
interannually comparable. Here at northern regions of the mid-Atlantic bight in June, scombrids
occurred more than 5 times as often and were more than 3 times as abundant in 2019
compared to 2018. Given the documented favorable abiotic and oceanographic conditions for
Auxis spp. and yellowfin tuna populations previously discussed these increases in abundance
and occurrence of Scombrid forage between years provide evidence of increased productivity
for this forage population and/or availability to yellowfin tuna under the abiotic conditions in
2019.
Salps also occurred frequently and in high numbers. Species of salps and other ciliates may have
profound effects on nutrient flux in pelagic ecosystems due to their dense fecal pellets that
transport nutrients to the deep ocean and ability to feed on picophytoplankton (Sutton 2013).
Thus, their presence is noteworthy, although many studies do not include them in forage
composition due to their low caloric content. Salps may have distributions over large areas but
be sparse in number (Menard et al. 1994) and are commensal, creating camouflage, cover, and
forage opportunities to micronekton such as amphipods, juvenile fishes, and argonautids
(Banas et al., 1982). Strong stratification has had negative effects on the abundance of salps in
the Mediterranean (Menard et al. 1994) and cyclonic eddies may increase abundance of some
salp species (Stone and Steinberg 2014). Stone and Steinberg (2014) found increases in mean
annual biomass of salps from the period of 1994-2011 in the Sargasso Sea. Salps rarely occurred
in tuna stomachs sampled from 2018 which suggests alternative oceanic regimes in 2019 when
salps occurred frequently and in high numbers.
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Major prey items for both tuna species vary across ocean basin scales and are the result of
opportunistic feeding strategies (Duffy et al., 2017). The variety of forage among the two tunas
and within sampling events in this study also suggest that tunas act as effective biological
samplers. Abundances are likely the result of forage populations that are available, abundant,
and to an extent, preferable to each tuna species given abiotic constraints. Some tuna forage
occurred in only one sampling event (Aluterus monoceros, Scomberesox saurus, Gonatus
streenstrupi) which supports the hypothesis of fine scale distribution of some forage species
and that their abundance is a result of spatial variability in oceanography. This study included
forage of bigeye and yellowfin tuna sampled using multiple capture gears and from largely
disjointed spatio-temporal sampling events between 2018 and 2019. Given the diverse
distributional strategies of tuna forage and the spatial extent of the study area it is possible that
some prey taxa are abundant in the diets of each tuna but not present at spatiotemporally
explicit sampling sites.
3.5 Conclusion
lllex illecebrosus was the most important prey item for both bigeye and yellowfin tuna and was
more abundant in coastal recreational surface fisheries. This species was the most responsible
for similarities in diet between tunas. Forage of highly migratory tunas varies at ocean basin
scales (Duffy et al. 2017) and given the largest dissimilarities were explained by
spatiotemporally explicit sampling events tuna forage also varies at local scales. Variability of
oceanography such as mesoscale anticyclonic eddy presence and Gulf Stream current position
influenced the composition, richness, and diversity of forage communities consumed by both
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tunas. Degree of overlap in diet between tunas is likely related to thermocline depth and
strength (Houssard et al. 2017). Gulf stream interactions with the shelf expands thermoclines at
depth and promotes abundance of tuna through transport, abundance of forage, and/or access
to forage. Shoaling and degeneration of thermal habitat may also play a role in increasing
CPUEs of bigeye tuna and their forage and dissimilarities of forage between tunas.
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CHAPTER 4
TROPHIC POSITION AND MIGRATORY PATTERNS OF NORTHWEST ATLANTIC BIGEYE
(THUNNUS OBESUS) AND YELLOWFIN (THUNNUS ALBACARES) TUNA INFERRED FROM
CARBON AND NITROGEN STABLE ISOTOPE ANALYSES
4.1 Introduction
Understanding the trophic ecology of top predators, especially those that are exploited and
have multiple stressors on their populations, is integral to assessing the dynamics of ecosystem
structure and formulating management measures that may aid conservation of commercially
important species and preserve ecosystem services (Estes et al., 2011; Pikitch et al., 2004).
Similarly, modification of micronekton and key forage populations due to resulting declines in
top predator populations, and climatic shifts have been observed in ecosystems throughout the
globe (Pershing et al., 2013; Olson et al., 2013; Baum et al., 2003; Olson et al., 2016).
Illumination of the factors driving food web dynamics, in part, requires accurate knowledge of
trophic linkages and the resulting energy flow perturbations from the consequences of forage
and/or predator biomass removal. Bigeye and yellowfin tuna represent two top predators
harvested intensely in pelagic ecosystems for the last 60 years and across large spatial scales in
the Atlantic, Pacific, and Indian Oceans. Due to high levels of exploitation in the Atlantic, bigeye
tuna populations have become overfished with overfishing also currently occurring (ICCAT
2019, 2018). Both bigeye and yellowfin tuna are highly migratory, generalist predators whose
diets vary according to regional trends in forage abundance and ontogeny (Duffy et al., 2017).
Assessing the trophic variability of these tunas over time and space can shed light on ecosystem
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structure, the oceanographic and biological factors leading to the resulting ecosystem, and how
these predators are able to utilize resources in each of them (Houssard et al., 2017). It may also
be used to interpret changes in CPUE indices and whether those changes are due to fishing
mortality or natural variability.
Due to their versatility, cost, and quick turnaround, bulk stable isotopes including but not
limited to carbon, nitrogen, and oxygen have been widely applied to answer questions
concerning food web dynamics, migration patterns, and natal origin of species in marine
ecosystems (Fry 2006; Lorrain et al 2015; Madigan et al., 2017; Brophy et al., 2020; Sardenne et
al., 2019; McMahon and Newsome 2019; Pethybridge et al., 2018). Within their application to
food webs isotopes have been used to assess changes in phytoplankton community structure at
global scales (Pethybridge et al., 2018; Logan et al 2020) and to compare predator trophic levels
seasonally, interannually, or under certain oceanographic conditions (Houssard et al., 2017;
Ménard et al., 2007), as well as detection of intraspecific variability in diet due to ontogeny
(Graham et al., 2007; Weng et al., 2015). Trophic positions of top predators in the Pacific Ocean
have declined in the past three decades (Olson et al., 2016) due to decreases in large epipelagic
prey and increased foraging of mesopelagic micronekton and crustaceans.
Isotopes of atoms differ in the number of neutrons they contain and more commonly occurring
isotopes often contain less neutrons and are lighter than rare isotopes. For example, carbon-12
(12C) composes approximately 98.89% of carbon natural abundance whereas 13C composes the
majority of the remaining 1.11% (Lacombe and Bazinet 2020). Typically isotope values are
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reported in the ẟ notation as a ratio of heavy to light isotopes (X; eg. 15N/14N) in parts per
thousand differences from an international standard:
ẟX = [(Rsample/Rstandard)-1] x103
The utility of applying isotopes to understand foraging and movement dynamics lies in the basis
that the activation energy necessary to break bonds of isotopes for biological processes differs.
Bonds of lighter isotopes require less energy to break than heavier isotopes and as a result
constitute the majority of reactants utilized in molecular products from biochemical reactions
(Lacombe and Bazinet 2020). The heavy isotope reactants therefore are proportionally
underutilized and remain in tissues of organisms longer compared to their lighter counterparts.
Consequently, heavy isotopes become enriched with increasing trophic levels as isotopes in
prey tissues are incorporated through digestion. 15N is commonly used to assess differences in
trophic positions due to its relatively high enrichment through the food chain (Peterson and Fry
1987), whereas 13C enriches very little as it moves through trophic levels and is used to infer
changes in coastal and pelagic forage habitats (France 1995). 15N has been broadly estimated to
enrich by approximately 3.4‰ in ecosystems when averaged over multiple trophic levels,
although enrichment at any given trophic level may increase at a range of approximately 2-5‰
(Peterson and Fry 1987, Adams and Sterner 2000, Post 2002). When estimating species specific
trophic positions complementary trophic discrimination factors must be implemented. Trophic
enrichment factors of ẟ15N were estimated at 1.1‰ (±0.6) and 1.9‰ (±0.4) in liver and white
muscle respectively for captive Pacific bluefin tuna which deviate from the broadly assumed
3.4‰ implemented for multi-species studies (Madigan et al 2012). Furthermore, heavy isotope
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incorporation is slow and depending on the biological activity of the tissue, isotopic
composition of the diet at time of capture may not be reflected in bulk values for multiple
weeks or months afterward. Compartment models can be used to describe the incorporation of
isotopes in tissues and specific compounds over time (Madigan et al 2012; Bradley et al 2014;
Wolf, Carleton, and Martínez Del Rio 2009). Liver tissue represent a biologically active organ
that has faster turnover rates compared to muscle, with half-life enrichment observed after 86
days (95% CI=56,190) and 167 days (95% CI=134,222) for liver and muscle respectively in Pacific
bluefin tuna (Madigan et al. 2012; Carter, Bauchinger, & McWilliams 2019).
The isotopic composition of a higher trophic level organism is a result of the phytoplankton
base isotopic composition and the preceding trophic levels of the organisms that compose its
diet (McMahon and Newsome 2019). ẟ15N values of phytoplankton vary according to the
nitrogenous sources utilized in growth such as the diazotrophic cyanobacteria which fix N 2 in
the Sargasso Sea (0‰) or the phytoplankton in the North Atlantic which incorporate NO3(~5‰) (Montoya et al 2002, Saino and Hattori 1980). This spatial variability of isotopes in food
web bases are commonly referred to as an ‘isoscapes’. Marine environments can experience
extreme seasonal variation in nutrient flux, especially in coastal, estuarine, and high
productivity zones which cause large differences in ẟ15N and ẟ13C values found in particulate
organic matter (POM) (McMahon, Hamady, & Thorrold 2013). Increases in ẟ15N and ẟ13C are
present with increases in depth into meso- and bathypelagic zones (Richards, Sutton, and Wells,
2020). Furthermore, isotopes are enriched and depleted variably in macromolecules according
to predator age, nutritional status, prey quality, and protein content (Barreto-Curiel et al.,
2017; McMahon and Mcarthy 2016).
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Given such drastic spatio-temporal variability in isotope values at the base of food chains,
assessing trophic positions of organisms requires an understanding of how that variability
influences observed predator isotopes (Lorrain et al. 2015). This becomes even more critical
when studying species like bigeye and yellowfin tuna due to their highly mobile behaviors and
the range of isotopes in food web bases they travel through (McMahon and Newsome, 2019).
Their diets are also considerably diverse on local and global scales (Duffy et al., 2017). Directly
distinguishing whether bulk isotope values of muscle and liver tissues are driven by isoscapes or
trophic interactions requires large scale survey efforts that quantify isotopes in zooplankton
and particulate organic matter (POM) at depth and horizontal scales (Ockowski et al. 2016,
McMahon, Hamady, & Thorrold 2013). This is an exhaustive process but evidence from studies
in the last decade show that baseline isotopic values can be related to isotope values through
compound specific stable isotope analyses without any a priori knowledge of the isotopic
composition of food web bases (Choy et al., 2015; Madigan et al 2012; Bradley et al 2014; Popp
et al., 2007).
Bulk isotope values from a tissue type represent the weighted average of numerous
macromolecules that fractionate isotopes interdependently. Nitrogen isotopes in amino acids
fractionate, through deamination and transamination, variably according to the biochemical
pathways the amino acid is involved in. Depending on the magnitude of transamination and
deamination amino acids are referred to as “source” or “trophic” amino acids. Specific amino
acid ẟ15N turnover is also highly variable with half-life enrichment in trophic and source amino
acids occurring 28.6 to 305.4 days and 67.5 to 136.2 days, respectively, following laboratorycontrolled diet shifts (Bradley et al 2014). Isotopes in source amino acids fractionate minimally
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through trophic transfers (~1-2‰/TL) whereas trophic amino acids such as glutamic acid (Glu)
experience extensive fractionation (~6-8‰/TL) due to being directly involved in reactions
surrounding the abundant Glu and central nitrogen pool (McMahon and McCarthy 2016). Thus,
by measuring the ratio of nitrogen isotopes in amino acids the relative contributions of source
15N

and trophic 15N (enriched in preceding trophic levels) can be inferred. This allows for a more

accurate estimation of trophic position (Choy et al. 2012). Still, caution must be exercised
selecting amino acids and trophic discrimination factors to be used in calculation of trophic
positions due to variable turnover rates, enrichment between consumer and diet, decreasing
TDFs among 3ᵒ+ consumers, and species-specific differences of the former (McMahon and
McCarthy, 2016).
Shelf slope canyons of the mid-Atlantic Bight and Southern New England are important foraging
grounds for a variety of highly migratory predators (Thorne et al., 2017; Podesta, Browder,
Hoey, 1993) as a result of the productivity driven by along shelf transport and upwelling of
nutrients observed at this region (He et al., 2011). Due to the increases of 15N found at shelf
areas (Okawaski 2013, LeAlvaerado et al 2019, Sherwood 2012), slow isotopic turnover, and
thermal constraints that restrict bigeye and yellowfin tuna residence at these shelf regions
primarily during summer and fall, tunas sampled in this foraging region may provide a measure
of separation between migrants from shelf areas in the Gulf of Mexico and the south Atlantic
Bight or those migrating from lower baselines caused by N2 fixation in the Caribbean or
Sargasso Sea.
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Due to the substantial information stable isotope ratios of nitrogen and carbon measured from
multiple tissues can provide we sought to utilize isotope ratios of carbon and nitrogen to (1)
compare trophic positions between bigeye and yellowfin tuna, (2) determine spatial variabilities
in food web bases and how they are reflected in tuna tissues along a dynamic frontal zone in
shelf and Gulf Stream regions of the northwest Atlantic ocean, and (3) detect temporal
variability of trophic level related to residence and migration during summer and fall of 2018
and 2019.
4.2 Methods
4.2.1 Sample Collection
Stomachs, liver, and anterior dorsal white muscle tissues were sampled from bigeye and
yellowfin tuna captured in pelagic longline and rod and reel surface fisheries from June to
November of 2018 and 2019 (Table 4.1). Tissues were packed in ziplock bags and stored on ice
or frozen until they could be brought back to the lab to be processed.
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Table 4.1 Description of spatial and temporal sampling scheme for muscle and liver analyzed for bulk
ẟ13C and ẟ15N isotope ratios.

4.2.2 Laboratory Analysis
Recently consumed and intact whole prey were set aside for sampling following documentation
for stomach content analyses. Approximately 4 grams was excised from each tuna liver and
muscle tissue and dried to a constant weight in an oven for 48 hours at 55ᵒC. Tissues were
weighed to determine percent water composition and homogenized into a fine powder using a
mortar and pestle. Following submission protocols for the Stable Isotope Facility at the
University of California Davis and Union college approximately 1 mg (range 0.8-1.2 mg) of dried
liver or muscle tissue was packed and weighed in 3.5 x 5mm Costech tin cups and stored in 96
well plates until samples could be shipped. Samples were then analyzed for %carbon,
%nitrogen, ẟ15N, and ẟ13C using an elemental analyzer interfaced to a continuous flow isotope
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ratio mass spectrometer (EA-IRMS) and reported relative to heavy/light isotopes of the
international standards of Vienna Pee Dee belemnite (VPDB) and atmospheric N 2 for carbon
and nitrogen isotopes, respectively. Analytical precision (standard deviation) based on replicate
measurements of internal laboratory standards (acetanilide; Thermo Scientific) was less than
±0.09‰ and ±0.12‰ for ẟ15N and ẟ13C respectively.
ẟX = [(Rsample/Rstandard)-1] x103
Approximately 3 mg of dried, homogenized muscle tissue was shipped in 1.5 dram vials from a
subset of bigeye and yellowfin tuna for compound specific stable isotope analyses of ẟ15N in
amino acids at the stable isotope facility at the University of California Davis. Samples were
analyzed using a GC-combustion isotope ratio mass spectrometry (GC-C-IRMS) and reported in
the same ẟ notation as above. All samples were run in duplicate and analytical error was for
project material was SD=0.44.
4.2.3 Lipid corrections
Lipids are depleted in ẟ13C, therefore lipid correction equations were used a posteriori to
calculate lipid free ẟ13C (ẟ13C’) values of tuna (eq. 1) and prey tissues (eq. 2) from Logan et al.
(2008) developed for invertebrates, fish white muscle, and Atlantic bluefin tuna (Thunnus
thynnus) liver and muscle:

𝑒𝑞. 1

𝑒𝑞. 2

𝛿 13 𝐶 ′ − 𝛿 13 𝐶 = 𝑃 −

𝑃∗𝐹
𝐶: 𝑁

𝛿 13 𝐶 ′ = 0.967 ∗ 𝛿 13 𝐶 + 0.861
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Where C:N is the bulk % carbon divided by % nitrogen, P is 8.007 and 7.489, F is 3.633 and
3.097 for liver and muscle respectively following parameters estimated from chemical lipid
extractions of Atlantic Bluefin tuna. C:N values ranged from 3.13-7.40 and 4.04-10.8 in predator
muscle and liver tissues respectively which largely fell within the ranges of C:N used in eq. 1 and
2, developed by Logan et al. (2008).
4.2.4 Trophic position estimates
Trophic positions were calculated using ẟ15N in bulk tissues and amino acids of tunas. Weighted
averages and standard deviations for source and trophic amino acids were calculated using
equations (eq. 3 and 4) developed by Hayes et al. (1989) that place more emphasis on ẟ15N
values from specific amino acids with lower analytical error.
𝑛

𝑒𝑞. 3

15

𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑀𝑒𝑎𝑛 𝛿 𝑁𝐴𝐴 =

𝑛

∑(𝛿𝑖 /𝜎𝑖2 )
𝑖=1

÷ ∑(1/𝜎𝑖2 )
𝑖=1

𝑛

𝑒𝑞. 4

−0.5

𝑆𝐷 𝑜𝑓 𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑚𝑒𝑎𝑛 𝛿 15 𝑁𝐴𝐴 = [∑(1/𝜎𝑖2 )]
𝑖=1

Bulk isotope values of ẟ15N from liver and muscle as well as amino acids values from muscle
tissue were used to estimate trophic positions (TP). Bulk trophic positions (TPbulk) were
calculated using eq. 5 developed by Post et al. (2002):

𝑒𝑞. 5

𝑇𝑃𝑏𝑢𝑙𝑘 = 𝜆 +

𝛿 15 𝑁𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟 − 𝛿 15 𝑁𝑏𝑎𝑠𝑒
Δ𝑛

The trophic enrichment factor, Δ𝑛, estimated by Madigan et al. (2012) was 1.9‰ (SD=±0.4) for
muscle. ẟ15N values and standard deviations (see in results, Table 4.2), measured in muscle of
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Aluterus monoceros and Symbolophorus veranyi were used for 𝛿 15 𝑁𝑏𝑎𝑠𝑒 to calculate TPbulk
based on ẟ15N measured from tuna muscle due to their habitats and the likelihood of
representing the ẟ15N baseline differences for the tuna diets. 𝜆 is the trophic level of the
phytoplankton base or reference organism which was estimated at 2.4 (±0.5) and 3.3 (±0.3) for
Aluterus monoceros and Symbolophorus veranyi respectively (Poland et. al 2013; Valls et al.
2014). ẟ15N values from liver tissues were not used in trophic position calculations due to very
large error propagations resulting from differences in baseline ẟ15N and faster turnover rates
(see results).
Amino acid derived trophic positions were calculated with equations developed by Bradley et
al. (2014) with a suite of amino acids used in other studies; Alanine, Glutamic acid, and Leucine
(Tr- AAs) and Glycine, Lysine, and Phenylalanine (Src-AAs) (Choy et al., 2015; Hannides et al.
2009; Popp et al., 2007). Trophic and source weighted average ẟ15N values and standard
deviations were applied to eq. 6 along with the associated standard deviations from Chikaraishi
et al. (2009) and Bradley et al. (2014) for 𝛽𝑇𝑟−𝑆𝑟𝑐 (3.4 ±0.9‰) and 𝑇𝐷𝐹𝑇𝑟−𝑆𝑟𝑐 (5.7 ±0.3‰). The
canonical trophic and source amino acids,

𝑒𝑞. 6

𝑇𝑃𝑇𝑟−𝑆𝑟𝑐

(𝛿 15 𝑁𝑇𝑟−𝐴𝐴 − 𝛿 15 𝑁𝑆𝑟𝑐−𝐴𝐴 − 𝛽𝑇𝑟−𝑆𝑟𝑐 )
=
+1
𝑇𝐷𝐹𝑇𝑟−𝑆𝑟𝑐

glutamic acid and phenylalanine respectively, were also used to calculate trophic position to
compare estimates based on weighted averages. Trophic positions (TPTr-Src and TPbulk) were
calculated in the R package Propagate and final trophic position of each individual and species
was reported with standard deviations which represents the propagated error associated with

93

the standard deviations of all parameters from eq. 3, 4, and 6, and analytical error standard
deviations for amino acids for TPTr-Src and eq. 5 and analytical error for bulk muscle for TPbulk.
4.2.5 Statistical Analyses
Biplots of both bulk isotope values were created to visualize isotopic niches of tunas and their
forage assemblage. Standard ellipse areas calculated with Bayesian models were used to
compare overlap of isotopic niche for liver and muscle of each tuna as well as distance from
shore. Quantile regressions of C:N were fitted to tuna SFL and day of capture for both tissues.
Analysis of variances (ANOVAs) and Tukey’s test for multiple comparisons were used to test for
significant differences in means of ẟ13C’and ẟ15N in muscle between prey families and the
tunas. With SFL as a covariate two-way Analysis of Covariance (ANCOVAs) were used to
compare ẟ13C’ and ẟ15N among year, distance from shore, and seasons for each tuna tissue.
Two-way ANOVAs were used to test the same categorical variables on means of ẟ15N and ẟ13C’
when assumptions of two-way ANCOVAs were not met. Interannual comparisons were only
conducted with data from the Mid-Atlantic Bight due to smaller extent of spatial sampling in
2018 and consistent sampling across the study period at this region. Given different rates of
isotopic turnover between liver and muscle tissues and the documented occurrence of higher
nitrogen stable isotope ratios at shelf areas compared to offshore areas, the change in ẟ15N
between muscle and liver was used as a measure of investigating past and recent migrants
and/or trophic shifts. Nitrogen isotopic ratios measured in muscle were subtracted from liver
values of each tuna sampled for both tissues (n=151) and are hereafter referred to as Δẟ15Nmusliv.

Two sample t-tests were used to determine significant trends of Δẟ15Nmus-liv among
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categorical variables. Generalized additive models were fitted to investigate latitude, longitude,
ordinal day of capture, and predator length on ẟ13C’, ẟ15N, and Δẟ15Nmus-liv. Collinearity was
assessed between explanatory variables using variance inflation factors which were all <2
indicating no collinearity. Permutational analysis of variance (PERMANOVA) was used to test for
differences in means of ẟ15N between tunas in trophic and source amino acids. Shapiro’s test of
normality, Levene’s test for homogeneity of variances, and visual inspection of residual
diagnostic plots were used to verify assumptions. All statistical analyses were conducted in
RStudio V1.4.1106 using the ‘VEGAN’, ‘SIBER’, ‘mgcv’, and ‘VIF’ packages.
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4.3 Results
4.3.1 Isotopic Ratios in Tissues of Tunas and Their Prey
Bulk ẟ15N and ẟ13C’ varied by approximately 6‰ and 3‰, respectively in tissues of tunas and
their prey (Table 4.2, Figure 4.1) and represented at least two trophic levels. Bulk ẟ15N values
were more variable in yellowfin tuna compared to bigeye tuna for both liver (BET: coefficient of
variation (CV)= 7.8%, YFT: CV= 12.1%) and muscle (BET: CV= 4.92%, YFT: CV= 7.19%). Bulk ẟ13C’
values were less variable than ẟ15N in liver (BET: CV= 1.93%, YFT: CV= 2.29%) and muscle (BET:
CV= 1.85%, YFT: CV= 2.02%) tissues, but also shared larger variability in yellowfin tuna tissues
compared to bigeye tuna. A distinct separation of ẟ15N in demersal and mesopelagic forage
families and small pelagic octopods and schooling fishes was detected (ANOVA, F=30.25,
p<0.001). Mean values of ẟ15N in monacanthids, exocoetids, pelagic octopods, and scombirds
were lower compared to demersals, nyctopelagic fishes, ommastrephid and Histioteuthid
squids, and large scombrids. Significant differences were also detected for ẟ13C’ among prey
families and tunas (ANOVA, F=15.72, p<0.001). ẟ13C’ values were depleted in the families
Carangidae and Dactylopteridae which were largely responsible for significant Tukey pairwise
comparisons.
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Table 4.2 Mean ±SD values of bulk C:N, ẟ15N, and ẟ13C for Atlantic bigeye tuna, yellowfin tuna, and prey
taxa.
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Figure 4.1 Mean isotope biplot measured in muscle tissues of prey species and both liver and muscle
tissues of bigeye and yellowfin tuna. Vertical and horizontal lines represent standard error and are not
present for families with only 1 sample.
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4.3.2 Isotopic Niche
Standard ellipse area estimates of isotope biplots revealed wider isotopic niches in yellowfin
tuna tissues than bigeye tuna (Figure 4.2). Standard ellipse areas of isotopes from muscle tissue
displayed minimal overlap (mean= 9.53%) between the two tunas but overlap and the range of
overlap probabilities was higher in liver tissues (mean= 31.1%). When subsets of isotope data
were analyzed in tunas captured in offshore and nearshore sampling locations during summer,
yellowfin tuna standard ellipse areas displayed high overlap for muscle (mean=48.6%) but very
low overlap in liver (mean=5.09%) tissues where offshore isotopes were lower and higher in
ẟ15N and ẟ13C, respectively compared to inshore regions (Figure 4.3). Isotopes in bigeye tuna
tissues sampled offshore were slightly lower and higher for ẟ15N and ẟ13C, respectively, and
there was higher overlap for both liver (mean=44.8%) and muscle (mean=44.4%) between
offshore and inshore sampling locations.
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A

B

C

Figure 4.2 (A) Biplot of ẟ15N and ẟ13C of isotopes measured in muscle and liver tissue for both tunas with
standard ellipse fitted to 95% of data, (B) bayesian inference credible intervals of standard ellipse area
(SEA) and maximum likelihood estimates for small sample sizes (SEAc- denoted by the red x) for
predator specific tissues and (C) density plot of overlap probabilities between predators for liver and
muscle from 200 random draws. In plot B the widest/darkest grey box around the Monte Carlo Markov
Chain (MCMC) means (black circles) represents the 50% CI, and the next largest the 75% CI, and the
largest the 95% CI.
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B

Figure 4.3 Biplot of ẟ15N and ẟ13C of isotopes measured in muscle and liver tissue for yellowfin (A) and
bigeye (B) tuna with standard ellipse fitted to 95% of data and density plots of overlap probabilities
between inshore and offshore sampling locations for liver and muscle from 200 random draws.
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4.3.3 Bulk Carbon and Nitrogen Ratios
C:N data were positively skewed for both species (coefficient of skewness: (CS) >0.5) but
yellowfin tuna C:N distributions of muscle and liver (CS= 2.59 and 2.17 respectively) were
skewed to a greater extent than bigeye tuna (CS=0.82 and 0.75 respectively). Means of C:N
were higher in both tissues for bigeye tuna compared to yellowfin tuna (Table 4.2). Quantile
regressions revealed significant increases in C:N from bigeye tuna liver and yellowfin tuna
muscle tissues with increasing length and ordinal day respectively (Table 4.3, Figure 4.4). 50th
and 90th quantiles for bigeye tuna muscle tissue had significant regression coefficients for
increasing SFL. For individuals whose sex was determined, log transformed C:N was not
significantly different between males and females in any tissues or tuna (t-tests, p>0.05).
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Figure 4.4 Quantile regressions of C:N relative to SFL (top) and ordinal day (bottom). Regressions were
performed on the 10th (dashed), 50th (solid), and 90th (dashed) quantiles. Note each y-axis is unique.

103

Table 4.3 Quantile regression parameter estimates, standard error (SE), and significance levels of each
regression coefficient (ẞ1) for C:N values relative to tuna length and ordinal capture day. Significant pvalues are bolded.

4.3.4 Categorical factors and Tuna isotopes
When yellowfin tuna ẟ15N values were compared by tissue type and categorical explanatory
factors, significant differences in mean ẟ15N were observed between inshore and offshore
sampling locations (Two-way ANOVA, F(1,271)=41.03, p<0.001), tissues (Two-way ANOVA,
F(1,271)=72.46, p<0.001), and interaction effects of tissue and distance from shore (Two-way
ANOVA, F(1,271)=53.71, p<0.001). Mean ẟ15N in liver tissues sampled offshore were significantly
lower than muscle tissue sampled offshore and significantly lower than both tissues sampled
inshore according to Tukey pairwise comparisons. Offshore liver ẟ15N mean values were
depleted by approximately 1.5‰ compared to liver samples collected inshore. Mean ẟ15N in
yellowfin tuna muscle tissue were not significantly different in inshore or offshore areas. After
adjustment for SFL ẟ13C’ means were larger in offshore samples compared to inshore by
approximately 0.25‰ in both tissues (Two way ANCOVA, F(1,270)=10.719, p<0.001) and were
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also larger in liver tissues compared to muscle (Two way ANCOVA, F(1,270)=74.864, p<0.001).
Interaction effects between tissue and distance from shore were not significant (Two-way
ANCOVA, F(1,270)=0.119, p=0.731).
Due to significant differences in means of ẟ15N in inshore and offshore areas, and sampling only
occurring in summer at offshore sites, only inshore data from the mid-Atlantic Bight were used
to investigate differences in mean isotopic ratios between seasons and year. ẟ15N means were
significantly larger in fall than summer (Two-way ANOVA, F(1,203)=108.71, p<0.001) by
approximately 1.1 and 1.3‰ in muscle and liver. During summer muscle bulk ẟ15N values were
significantly larger than liver tissues but not in fall (Two-way ANOVA, F(1,203)=5.903, p=0.016).
Interaction effects between season and tissue were not significant (Two-way ANOVA,
F(1,203)=0.301, p=0.584). There were no significant differences in means of ẟ13C’ between
seasons (two-way ANOVA, F(1,203)=0.021, p=0.886). Effects of interaction between season and
tissue were also not significant (Two-way ANOVA, F(1,203)=0, p=0.985). Differences in ẟ13C’ were
significant between muscle and liver in both summer and fall (Two-way ANOVA, F(1,203)=47.59,
p<0.001) with larger values occurring in liver tissues.
There were no significant differences in means of ẟ15N years (Two-way ANOVA, F(1,203)=2.05,
p=0.154) and small differences between tissues (Two-way ANOVA, F(2,203)=4.04, p=0.046), but
significant effects of interaction between tissues and year were detected (Two-way ANOVA,
F(1,203)=8.42, p=0.004). Yellowfin tuna liver means of ẟ15N were significantly lower than muscle
only in 2019. ẟ13C’ means were significantly different between 2018 and 2019 (Two-way
ANOVA, F(1,203)=79.07, p<0.001) with larger ẟ13C’ in both liver and muscle tissues in 2019
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compared to 2018. Significant main effects of tissue were also detected, where livers displayed
larger mean ẟ13C’ than muscle in both years (Two-way ANOVA, F(1,203)=79.073, p<0.001). Effects
of interaction between year and tissue were not significant (Two-way ANOVA, F(1,203)=0.225,
p=0.636).
After adjustment for SFL there were no statistically significant differences in ẟ15N means
between offshore and inshore bigeye tuna sampling locations (Two-way ANCOVA, F(1,126)=1.72,
p=0.192) or interaction effects of tissue and distance from shore (Two-way ANCOVA,
F(1,126)=3.492, p=0.064), but main effects of tissue were significant (Two-way ANCOVA,
F(1,126)=275.14, p<0.001) with liver more depleted in mean ẟ15N than muscle. Means of ẟ13C’
were not significantly different between the main effects of distance from land (Two-way
ANCOVA, F(1,126)=0.372, p=0.543) and interaction effects of tissue and distance from shore
(Two-way ANCOVA, F(1,126)=0.771, p=0.382). ẟ13C’ means were larger in liver tissues than muscle
in both onshore and offshore sampling locations (Two-way ANCOVA, F(1,126)=32.206, p<0.001).
Means of ẟ15N in bigeye tuna tissues were not significantly different between season (Two-way
ANCOVA, F(1,59)=2.25, p=0.14) and interaction effects of tissue and season (Two-way ANCOVA,
F(1,126)=0.015, p=0.91) while controlling for SFL. Higher means occurred in muscle tissue
compared to liver in the summer and fall (Two-way ANCOVA, F(1,59)=166.21, p<0.001). ẟ13C’
means were not significantly different between season in bigeye tuna tissues (Two-way ANOVA,
F =0.289(1,60), p=0.593) nor were interaction effects of tissue and season (Two-way ANOVA,
F(1,60)=0.37, p=0.545). Liver tissues also displayed larger ẟ13C’ compared to muscle (Two-way
ANOVA, F(1,60)=6.869, p=0.011).
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Significant differences in means of ẟ15N between years were detected for bigeye tuna (Two-way
ANCOVA, F(1,59)=13.59, p<0.001) and between tissues (Two-way ANCOVA, F(1,59)=193.12,
p<0.001). Larger mean ẟ15N values occurred in 2018 liver tissues and in muscle compared to
liver tissue. Interaction effects of tissue and year were not significant (Two-way ANCOVA,
F(1,59)=13.59, p=0.144). Means of ẟ13C’ were not significantly different for main effects of year
(Two-way ANOVA, F(1,60)=2.271, p=0.137) and interaction effects of tissue and year (Two-way
ANOVA, F(1,60)=3.446, p=0.068). Means of ẟ13C’ were significantly larger in liver than muscle
tissue in 2019 (p-adj=0.014) but not in 2018 (Two-way ANOVA, F(1,60)=7.442, p=0.008).
When individual tunas were sampled for both tissues, ẟ15N measured in muscle tissue was
larger than values measured in liver tissue for all bigeye tuna, whereas 12 (13.1%) yellowfin
tuna individuals had liver ẟ15N values that exceeded those observed in muscle tissue. Δẟ15Nmusliv values

were more variable in bigeye and yellowfin tuna sampled inshore (CV=42.25% and

107.3%, respectively) compared to those sampled offshore (CV= 14.28% and 21.22%,
respectively). Mean Δẟ15Nmus-liv values were higher in bigeye and yellowfin tuna sampled in
offshore locations associated with the Gulf Stream compared to those sampled at shelf break
canyons within 200km of land (t35 =-12.76, p<-2e-14 and t55=-3.4, p<1e-3, respectively). Means
of Δẟ15Nmus-liv were larger in yellowfin tuna sampled in the fall compared to summer (t27=2.31,
p=0.025) but were not significantly different between years (t41=-0.84, p=0.40). No significant
differences in means of Δẟ15Nmus-liv for bigeye tuna were observed between season or year
(t26=1.6, p= 0.26 and t37= 0.052, p=0.96, respectively)
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4.3.5 Size, Spatial, and Temporal GAM predicted ẟ15N, ẟ13C’, and Δẟ15Nmus-liv
GAM predicted ẟ15N significantly increased by ~1.5‰ in muscle and ~2.5‰ in liver over the
range of lengths for bigeye tuna, while length was not significant in predicting ẟ13C’ derived
from muscle, and only slightly decreased with length in liver (Table 4.4, Figure 4.5). Predicted
ẟ15N increased by ~0.5‰ over the range of lengths for yellowfin tuna muscle and decreased by
>1‰ in liver tissue of yellowfin tuna larger than 120 cm. ẟ13C’ increased by ~0.8‰ over the
range of lengths in both tissues of yellowfin tuna. A weak negative relationship between bigeye
tuna lengths and Δẟ15Nmus-liv values and higher values in yellowfin tuna >120 cm was observed.
Predicted means of ẟ15N in muscle of bigeye tuna were largely consistent over ordinal days of
capture in 2018 and 2019, but larger values occurred in October in liver tissues (Figure 4.6).
ẟ15N was highly variable in liver tissues of yellowfin tuna with predicted mean values ranging
from 7-10.5‰ whereas in muscle predicted values increased by ~1.5‰ throughout the study
periods in 2018 and 2019.
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Table 4.4 Effective degrees of freedom (EDF), F-values, p-values, and % deviance explained (%DE) of
parameters used in generalized additive models.
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When GAMs were fitted to both yellowfin tuna tissues sampled exclusively in the mid-Atlantic
bight predicted ẟ15N increased consistently throughout ordinal days of capture by ~1.5‰.
Predicted means of ẟ13C’ decreased slightly in both tissues of bigeye tuna from -16.9‰ to 17.2‰ and -16.6‰ to -16.9‰ in muscle and liver respectively. Predicted ẟ13C’ was much more
variable over the course of ordinal capture days in yellowfin tuna tissues and results were nonsignificant for muscle tissue and the fitted GAM performed poorly for liver with only 9.84%
deviance explained. Predicted means of Δẟ15Nmus-liv decreased from 1.5‰ to 0.8‰ and 1.5‰ to
0.2‰ in bigeye and yellowfin tuna, respectively over the ordinal days of capture.
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D

Figure 4.5 ẟ15N and ẟ13C’ GAM smooth fits to SFL for bigeye (A/B) and yellowfin (C/D) tuna measured
from muscle (black) and liver (grey) tissues.
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Figure 4.6 ẟ15N and ẟ13C’ GAM smooth fits to ordinal capture day for bigeye (A/B) and yellowfin (C/D)
measured from muscle (black) and liver (grey) tissues. Graph E are smooth fits for yellowfin ẟ15N
measured in tissues sampled exclusively from the Mid-Atlantic bight.
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Spatial GAMs predicted ẟ15N with greater deviance explained in liver tissues compared to
muscle for both tunas (Figure 4.7) and larger values from liver occurred in the Mid-Atlantic
bight and southern New England for yellowfin (>10.5‰) and bigeye (>12.0‰) tuna
respectively. Predicted means for liver in the Gulf Stream current and southern regions of the
mid-Atlantic Bight were <9.5‰ and <7.5‰ for bigeye and yellowfin tuna respectively. ẟ15N
predicted means measured in bigeye tuna muscle displayed a latitudinal gradient with highest
means >11.8‰ in southern New England and lowest, <10.4‰ in the Gulf Stream current.
Spatial GAMs with high %DE predicted strong gradients of Δẟ15Nmus-liv for yellowfin tuna where
larger values occurred further from land and values approaching zero occurred for tunas
captured at shelf locations closer to shore. Lowest predicted means of Δẟ15Nmus-liv for bigeye
tuna were concentrated at the shelf break regions in the Mid Atlantic bight and Southern New
England. Conversely, ẟ13C’ predicted means particularly in yellowfin tuna liver displayed shelf
and offshore gradients with lower values in shelf break areas and higher means in the Gulf
Stream for both predators and at the eastern edge of southern New England for yellowfin tuna.
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43.4%

70.7%

Figure 4.7 Spatial GAM plots of predicted bulk ẟ15N values for each tuna and tissue (top-muscle, middleliver) and Δẟ15Nmus-liv for each tuna (bottom) with % deviance explained for each model.
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Figure 4.8 Spatial GAM plots of predicted bulk ẟ13C values for each tuna and tissue (top-muscle, bottomliver) with % deviance explained for each model.
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4.3.6 ẟ15N in Amino Acids and Trophic Position

Figure 4.9 Boxplot of ẟ15N values in amino acids and bulk tissues of bigeye (grey) and yellowfin (white)
tuna. Trophic and Source amino acids include Alanine, Glutamic acid, Leucine and Glycine, Lysine,
Phenylalanine, respectively.
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ẟ15N values ranged from -36‰ and 32‰ from amino acids sampled from both tunas (BET: n=4,
YFT: n=6). Distinct differences in ẟ15N were evident among the commonly classified trophic (Ala,
Asx, Glu, Ile, Val), source (Gly, His, Lys, Met, Phe, Ser, Tyr), and metabolic (Thr) amino acids
(Figure 4.9). Equal variances were tested based on Levene’s test for homogeneity. P-values for
trophic and source amino acids were 0.08 and 0.24, respectively indicating the satisfaction of
homogeneity of variance assumptions. Between tunas, significant differences of ẟ15N were
observed in trophic (PERMANOVA, pseudo-F=8.63, R2=0.52, p=0.023) but not source (pseudoF=1.28, R2=0.14, p=0.25) amino acids. Larger values in bigeye tuna were responsible for
significant differences in trophic amino acids between tunas. Weighted means of source amino
acids had greater variability (-1.87 to 5.24‰) than just Phe alone largely due to the depletion of
ẟ15N in Gly (-9.70 to -4.99‰). When plotted against bulk values (Figure 4.10), largest R-squared
values occurred for Aspartic acid (0.95) and Glutamic acid (0.91).
Table 4.5 ẟ15N and trophic position of tuna bulk muscle tissue, weighted averages of source (Gly, Lys,
Phe) and trophic (Ala, Glu, Leu) amino acids, and single source and trophic amino acids (Phe and Glu).
Propagated error including analytical uncertainty and parameter error from eq. 4 and 5 is reported
(±SD).
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Figure 4.10 ẟ15N values measured in amino acids plotted against bulk values for both predators. Rsquared values for Glu, weighted trophic, Phe, and weighted source amino acids were 0.92, 0.69, 0.08,
and 0.03, respectively.
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Correlation coefficients were highest for TPbulk and TPGlu-Phe (0.75) followed by TPTr-Src and TPbulk
(0.31), and TPGlu-Phe and TPTr-Src (0.15). TPbulk estimates in muscle ranged from 3.15-4.64
(mean=3.96) and 2.35-4.84 (mean=3.45) for bigeye and yellowfin tuna respectively (Table 4.6).
TPGlu-Phe ranged from 4.41-4.74 and 3.96-4.74 for bigeye and yellowfin tuna respectively and
had propagated error comparable to TPTr-Src. TPTr-Src estimates were highest compared to TPbulk
and TPGlu-Phe ranging from 3.91-5.63 and 4.21-5.34 for bigeye and yellowfin tuna, respectively.
Propagated error was larger for yellowfin tuna than bigeye tuna in TPbulk and TPGlu-Phe but
smaller for trophic position estimates derived from ẟ15N in weighted source and trophic amino
acids.
Table 4.6 Mean trophic position and propagated error (±SD) of bigeye and yellowfin tuna calculated
from bulk muscle, weighted averages, and single source and trophic amino acids. Interannual
comparisons for TPbulk only include individuals sampled from the mid-Atlantic Bight.
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4.4 Discussion
Results from bulk stable isotope analyses of ẟ15N and ẟ13C ratios in amino acids, liver, and
muscle tissues revealed trends related to regional enrichment and depletion in of 15N and 13C
throughout the study period from shelf break areas in yellowfin tuna, interspecific differences
in trophic level of predators at the beginning of the study period, influences of size in bigeye
tuna C:N and 15N, and implications of movement using shelf and offshore gradients. Isotopic
niche overlap between tunas was low (~10%) for muscle values but higher for liver (~45%)
suggesting a long-term trophic separation and a more recent convergence in trophic level or
food web bases given the differential isotopic turnover rates in muscle and liver. With the mean
half-life of ẟ15N turnover observed in Pacific Bluefin muscle (167 days), Madigan et. al., 2012)
similar from start to end of this study period, increases in yellowfin tuna muscle ẟ15N means of
1.5‰ in mid-Atlantic Bight shelf canyons where ordinal days were sampled on a sufficient scale
suggests fall values are a reflection of isotopic signatures of forage from the beginning of the
study period. Poland (2018) observed similar increases in muscle of yellowfin tuna captured in
recreational fisheries near shelf regions during spring to fall in the south Atlantic bight. Notably,
many of the same prey species sampled in Poland (2018) on average were lower and higher in
ẟ15N and ẟ13C respectively, compared to the study region. There is evidence that warmer saltier
water associated with the Gulf Stream and Caribbean is depleted and enriched in 15N and 13C,
respectively (Graham et al., 2010; Ceriani, et al., 2014; Montoya et al. 2002). Within this study
ẟ15N values were significantly lower in yellowfin tuna liver sampled offshore compared to those
sample near and on the continental shelf which suggests the nutrient regime at the base of the
food web at shelf break areas is enriched in 15N due to the upwelling of nutrients and potential
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land runoff and could confound interpretation of trophic level (Oczkowski et al. 2016). The
variability in trophic position derived from bulk isotope values in muscle is largely due to the
variability of isotopic ratios incorporated from food web bases and has been supported by
other studies of these two tunas (Olson et al., 2010; Popp et al., 2007). Overall muscle values of
both isotopes were less variable and were less sensitive to changes in isoscapes due to slower
turnover. Yet consistent increases in mean ẟ15N for both muscle and liver were observed
throughout the study period at shelf regions whereas, offshore liver mean ẟ15N was 1.5‰ less
than inshore areas and no significant differences in muscle tissues existed compared to inshore
regions. This increase in muscle is consistent with liver values at shelf regions and implies some
residence in a higher 15N regime while low 15N incorporated from food web bases in the Gulf
Stream current, Caribbean, and Sargasso Sea may have occurred over a short duration due to
the lack of low ẟ15N that would be expected in a 15N depleted isoscape. Conversely the lowest
ẟ15N values from muscle (<9‰) occurred at inshore areas at the beginning of the study period
which suggests isoscape influences were present in yellowfin tuna individuals migrating in early
summer. Lam, Galuardi, and Lutcavage (2014) observed south to north movements of bigeye
tunas in early spring through the Caribbean to shelf regions of Georges bank and the midAtlantic bight in summer and these data support similar movement for both bigeye and
yellowfin tuna. Further, ẟ13C was significantly lower in 2019 yellowfin tuna supporting
oligotrophic water masses from the Gulf Stream being more prevalent at shelf locations in 2019
given enrichment of 13C in the Sargasso Sea and Caribbean (Graham et al., 2010).
To estimate TPbulk lower trophic level prey items were used as reference organisms. Although
vertical habitats differed, both reference organisms were sampled in shelf regions and may
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have been biased with larger ẟ15N values given the observed enrichment for tunas at these
locations. TPbulk was largely underestimated compared to TPTr-Src and TPGlu-Phe for both bigeye
and yellowfin tuna. In comparison to other regions of the Atlantic Ocean basin TP bulk of
yellowfin tuna were higher in Le’alvarado et al., (2017) (4.1 ±0.4) and similar to Poland (2014)
(3.6 ±0.4) in the South Atlantic bight and much lower than reported in Logan and Luctavage
(2013) (4.8 ±0.4 and 4.5 ±0.3) for open ocean areas of the western North Atlantic for both
bigeye and yellowfin tuna respectively. Comparisons of trophic positions among studies are
confounded by different methods and parameters used in calculating trophic position, which
likely contributed to variation more so than any actual variation in trophic position among
regions. Despite the inconsistencies in magnitude among methods, mean trophic positions of
bigeye tuna were higher than yellowfin tuna across all three calculation methods, in offshore
areas, and at the beginning of the study period at shelf locations. Prey items of yellowfin tuna
that differed from bigeye, namely arthropods, salps, and small epipelagic fishes, supports this
separation of trophic position between tunas at the beginning of the study period. Moreover,
these prey items may have been more prevalent in previous months, in more southerly regions
and are the result of ẟ15N values at the beginning of the study period (Lovell 2021).
Popp et al. 2007 observed larger bulk muscle ẟ15N values (from 10 to 15‰) in yellowfin tuna in
the EPO with increasing latitude. Despite similar ẟ15N values of Phe to this study, Gly values (9.7 to -5.3‰) were significantly lower than those found in Popp et al. (2007) (-2.3 to 7.5‰).
McMahon and McCarthy (2016) advise caution in using Gly as a source amino acid in tertiary
consumers due to its ability to be linked to the heavily transaminating central nitrogen pool and
differences in modes of ammonia excretion. ẟ15N values of Phe (4.1-7.3‰) also fell within the
122

range of values found in yellowfin tuna tissues in the Gulf of Mexico and under low
fractionation (-0.1 ±1.6‰; McMahon and Newsome 2018) were similar to ẟ15N values of
phytoplankton sampled at shelf regions of the northern Gulf of Mexico (Le’Alvarado et al.,
2019). Phe is an attractive representation of source contributions to bulk isotopes given its low
fractionation through trophic levels. The highest value of ẟ15N measured in Phe occurred in the
largest bigeye tuna sampled for amino acids in southern New England and a yellowfin tuna with
large bulk values at the beginning of the study period in the mid-Atlantic bight. Due to low
sample sizes of ẟ15N measurements in amino acids it is not conclusive whether the increase of
ẟ15N in yellowfin tuna throughout the study period is due to food web bases or trophic level
increases. Nevertheless, ẟ15N measured in glutamic acid of a yellowfin tuna in November with
the highest bulk value of its sampling event cohort was similar to that of bigeye tuna which
suggests that trophic positions of both tunas converge as they co-occur in this region. This
observed convergence of trophic positions calculated using bulk values of ẟ15N is possibly due
to increased yellowfin tuna foraging on large scombrids and the mutual primary prey species,
Illex illecebrosus, which did not manifest themselves until later in the study period due to
isotopic turnover rates.
With C:N as a proxy for lipid content yellowfin tuna muscle values increased significantly over
the duration of the study period. Strong positive relationships for C:N and bulk ẟ15N were
observed for increasing bigeye tuna length in bulk tissues, whereas weak or no relationships
were observed for yellowfin tuna length. This was similar to trends in size for bulk muscle
values reported for total lipid content and bulk ẟ15N in Sardenne et al. (2019) for both tunas in
the eastern tropical Atlantic. Yellowfin tuna were observed to feed on prey <100mm
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throughout the size ranges sampled. In fact, no categorical variables were important in
deciphering variation of ẟ15N values in bigeye tuna tissues when SFL was used as a covariate.
Bigeye tuna may increase foraging into mesopelagic or demersal shelf waters with increasing
size and thermoregulatory capabilities which may expose them to larger prey and a food web
base with higher ẟ15N (Matsumoto, Kitagawa, and Kimura, 2013; Richards, Sutton, and Wells,
2020) compared to yellowfin tuna. The trend of larger, older individuals with increasing depth is
understood to contribute to vertical structure of pelagic ecosystems and biomass of deep
pelagic fishes may be two to three times in order of magnitude of total commercial fisheries
landings (Sutton et al., 2013; Hopkins, Sutton, and Lancraft, 1996). Strong and significant
increases of C:N in yellowfin tuna muscle over the range of ordinal capture days provides
evidence of the importance of forage consumed in this area and its improvement on the
somatic condition of yellowfin tuna throughout the study period.
Given the results in this study, future studies may benefit from sampling amino acids more
intensely which may reveal clearer effects of trophic and baseline influences reflected in bulk
values. Explaining local migration patterns into the northwest Atlantic foraging grounds by
individuals may be possible if this more intensive sampling of amino acids could be conducted.
Simply understanding what food web base signatures exist in tunas that begin migrating to this
area in early summer may lead to a better understanding and comprehension of origin and
timing of migration for a specific proportion of each species.
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4.5 Conclusion
Stable isotope data from bulk muscle revealed consistent mean trophic levels of 3.96 over the
study period for bigeye tuna. Conversely yellowfin tuna mean trophic positions increased from
3.38 to 3.96 by the end of the study period in November. In contrast to yellowfin tuna, bigeye
tuna trophic positions and C:N increased with increasing size which is most likely related to
time spent foraging in mesopelagic depths and/or discovery of more abundant aggregations in
prey with increasing size. Lower ẟ15N and higher ẟ13C observed in both tissues and tunas
sampled at capture locations associated with the Gulf Stream current were observed compared
to near shelf locations. Given the large variances of ẟ15N and ẟ13C in yellowfin tuna tissues
between these two locations, this gradient in isoscapes may prove to be a useful tool in
determining what proportions of yellowfin tuna populations are migrating into the northwest
Atlantic and at what times.
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APPENDIX

Figure A.1 Linear regressions of snout length (SNL) and curve fork length (CFL) used for SNL conversions.
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